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Abstract
Herpesviruses are large DNA viruses which depend on many nuclear functions, and there-
fore on host transport factors to ensure specific nuclear import of viral and host components.
While some import cargoes bind directly to certain transport factors, most recruit importin β1
via importin α. We identified importin α1 in a small targeted siRNA screen to be important for
herpes simplex virus (HSV-1) gene expression. Production of infectious virions was delayed
in the absence of importin α1, but not in cells lacking importin α3 or importin α4. While
nuclear targeting of the incoming capsids, of the HSV-1 transcription activator VP16, and of
the viral genomes were not affected, the nuclear import of the HSV-1 proteins ICP4 and
ICP0, required for efficient viral transcription, and of ICP8 and pUL42, necessary for DNA
replication, were reduced. Furthermore, quantitative electron microscopy showed that fibro-
blasts lacking importin α1 contained overall fewer nuclear capsids, but an increased propor-
tion of mature nuclear capsids indicating that capsid formation and capsid egress into the
cytoplasm were impaired. In neurons, importin α1 was also not required for nuclear targeting
of incoming capsids, but for nuclear import of ICP4 and for the formation of nuclear capsid
assembly compartments. Our data suggest that importin α1 is specifically required for the
nuclear localization of several important HSV1 proteins, capsid assembly, and capsid
egress into the cytoplasm, and may become rate limiting in situ upon infection at low multi-
plicity or in terminally differentiated cells such as neurons.
Author summary
Nuclear pore complexes are highly selective gateways that penetrate the nuclear envelope
for bidirectional trafficking between the cytoplasm and the nucleoplasm. Viral and host
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cargoes have to engage specific transport factors to achieve active nuclear import and
export. Like many human and animal DNA viruses, herpesviruses are critically dependent
on many functions of the host cell nucleus. Alphaherpesviruses such as herpes simplex
virus (HSV) cause many diseases upon productive infection in epithelial cells, fibroblasts
and neurons. Here, we asked which nuclear transport factors of the host cells help HSV-1
to translocate viral components into the nucleus for viral gene expression, nuclear capsid
assembly, capsid egress into the cytoplasm, and production of infectious virions. Our data
show that HSV-1 requires the nuclear import factor importin α1 for efficient replication
and virus assembly in fibroblasts and in mature neurons. To our knowledge this is the
first time that a specific importin α isoform is shown to be required for herpesvirus infec-
tion. Our study fosters our understanding on how the different but highly homologous
importin α isoforms could fulfill specific functions in vivo which are only understood for
a very limited number of host and viral cargos.
Introduction
Herpesviruses such as herpes simplex virus (HSV), human cytomegalovirus or Epstein-Barr
virus cause human diseases ranging from minor ailments to life threatening acute infections,
blindness or cancers, particularly in immunocompromised patients. They are complex DNA
viruses that depend on many nuclear functions; e.g. triggering the release of the viral genomes
from incoming capsids, nuclear import of viral genomes, viral gene expression, genome repli-
cation, assembly of progeny capsids, genome packaging into capsids and nuclear capsid egress.
Despite these multiple interactions, little is known about the host transport factors that herpes-
viruses rely on for import through the nuclear pore complexes (NPCs) during infection.
NPCs are the gateways for bidirectional trafficking between cytoplasm and nucleoplasm.
The GTPase Ran controls the activity of transport factors to achieve active nuclear import and
export of host and viral cargoes. While some import cargoes bind directly to a member of the
importin β superfamily, the majority requires one of the importin α isoforms as an adaptor to
interact with importin β1. All importin α isoforms share an N-terminal auto-inhibitory impor-
tin β1 binding domain followed by a helical core domain of 10 stacked armadillo repeats
(ARM), and a small C-terminal acidic cluster; the 7 human importin α isoforms have an
amino acid sequence conservation of 42% ([1–4]; reviewed by [5,6]). Classical mono-partite
nuclear localization signals (NLSs) utilize a major binding site on ARM 2 to 4, and bipartite
NLSs in addition to ARM 2 to 4 a minor binding site on ARM 6 to 8 [7,8]. Furthermore, the
C-terminal acidic domain and ARM 9 and 10 contain a third binding site for non-canonical
binding motifs [3,9–11]. Different importin α isoforms bind to similar, if not identical NLSs in
vitro, and their recognition mechanisms are structurally conserved from yeast to human; yet,
the affinities to specific importin α isoforms can vary considerably, and they display striking
differences in cargo recognition in vivo ([2,8,12–14]; reviewed in [5,6]). Importin α links its
cargo to importin β1, which in turn binds to NPC proteins to import such ternary complexes
into the nucleoplasm, where they disassemble upon interaction with RanGTP (reviewed in
[7,15–17]. The nuclear import of several herpesvirus proteins has been shown in transient
expression experiments to occur via binding of their NLS to importin α and thus indirectly to
importin β1. However, few studies have investigated the specificity of importin α usage in
vitro, let alone in vivo in the context of a viral infection.
Among the herpesviruses, interactions of host nuclear transport factors with viral proteins
have been investigated at most for herpes simplex virus type 1 (HSV-1), an alphaherpesvirus
HSV1 and importin alpha 1
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that productively replicates in epithelial cells, fibroblasts and neurons. After viral fusion with a
host membrane, the incoming capsids utilize dynein for microtubule-mediated transport to
the nucleus [18–22]. Capsids covered by inner tegument proteins can bind to the NPCs on
nuclei isolated from rat liver or reconstituted from Xenopus laevis egg extracts [23,24]. Incom-
ing capsids lacking the large inner tegument protein pUL36 are not targeted to nuclei, and
antibodies directed against pUL36 reduce nuclear targeting [25–27]. O’Hare and collaborators
have characterized a conserved N-terminal NLS in pUL36 that is essential for targeting incom-
ing capsids to the nucleus and for genome release [28,29]. A likely scenario is that this NLS
interacts with host nuclear transport factors to mediate capsid docking to the NPCs. Further-
more, importin β, the RanGTP/GDP cycle and capsid-NPC interactions are required to trigger
genome uncoating from capsids; however, a function for importin α could not be uncovered
in these in vitro assays [23].
HSV-1 promotors in general contain regulatory sequences common with host genes, and
are sequentially regulated with immediate-early, early and late gene expression kinetics unless
the incoming genomes are repressed and silenced by facultative heterochromatin (reviewed in
[30–33]). The tegument viral protein VP16 dissociates from incoming capsids and complexes
with the host cell factor HCF-1 and the POU homeodomain protein Oct-1 to keep immediate-
early HSV1 promotors de-repressed for transcription (reviewed in [34]). VP16 does not seem
to contain an own NLS but piggy-backs onto HCF-1 in the cytosol for co-import into the
nucleus; VP16 is not imported into the nucleoplasm, when the NLS in HCF-1 has been
mutated [35]. In the nucleoplasm, VP16/HCF binds to Oct-1 that is already associated with
HSV-1 promotors [36]. The NLS of Oct-4 interacts with importin α1, Oct-6 with importin α5,
while the one of Oct-1 has not been characterized [11,37,38]. In addition to binding sites for
VP16, immediate-early HSV-1 promotors also include response elements for the host tran-
scription factors SP1 and GABP [39].
HSV-1 early and late promotors also contain SP1 transcription factor binding sites, and the
transcription of viral genes increases after DNA replication due to the increased template
number [32,40,41]. The major transactivator ICP4 (infected cell protein 4), the regulators
ICP22 and ICP27, and the E3-ubiquitin ligase ICP0 are immediate-early nuclear HSV-1 pro-
teins important for early and late transcription. While their NLSs have been mapped, their
nuclear transport factors are not known [42–45]. ICP4 is required for maximal expression
from early and late promotors; it recruits the host RNA polymerase II and other host factors,
ICP22 and ICP27, and stabilizes the pre-initiation complex [46]. ICP27 is required for efficient
viral transcription and translation of some early and early-late genes and perhaps all true late
genes. It needs to shuttle between the cytosol and the nucleoplasm to enhance the nuclear
export of intron-lacking viral mRNAs and thus their expression (reviewed in [47]). ICP0 also
increases the expression of early and late genes; particularly at a low MOI and in vivo (reviewed
in [48]).
The formation of the nuclear HSV-1 DNA replication compartments results in host chro-
matin marginalization towards the nuclear rim, and requires seven HSV-1 proteins synthe-
sized with early kinetics. These are the origin-binding protein pUL9, the ssDNA binding
protein ICP8 (pUL29), the heterotrimeric helicase-primase complex (pUL5, pUL8, pUL52),
and the DNA polymerase with the catalytic subunit pUL30 and its processivity factor pUL42
(reviewed in [49,50]). An NLS of pUL9 has been mapped to its amino acid residues 793 to
804 [51], and the nuclear localization of ICP8 is mediated by its 28 C-terminal amino acid resi-
dues [52]. In contrast, the subunits of the primase/helicase complex remain cytosolic when
translated in isolation; but their assembly is sufficient to generate an NLS for nuclear import
in the case of HSV-1, Epstein-Barr virus, and Kaposi sarcoma herpesvirus [53–55]. The NLSs
of the DNA polymerase subunits have been well characterized for HSV-1, the human
HSV1 and importin alpha 1
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cytomegalovirus, Epstein-Barr virus and Kaposi sarcoma herpesvirus (reviewed in [56]. Capsid
assembly and packaging of the viral genomes also occur in the nucleoplasm, but the major cap-
sid protein VP5, the capsid protein VP23, and the small capsid protein VP26 are not capable
of nuclear import on their own [57]. VP5 requires the capsid scaffolding protein VP22a for
localization to the cell nucleus [58], and a non-classical NLS of the triplex capsid protein
VP19c is responsible for the nuclear import of the other triplex protein VP23 [57,59,60]. Fur-
thermore, the NLSs of pUL15 and pUL33, of the terminase that catalyzes genome packaging
into preassembled capsids, have been characterized in detail [61].
Thus although some few direct interactions between host transport factors and viral nuclear
proteins have been elucidated, host transport factors required for specific steps in the herpesvi-
rus life cycle have not been identified yet. Considering that herpesviruses rely on so many
nuclear functions, we conducted an RNAi screen to identify nuclear transport factors that are
relevant for efficient HSV-1 gene expression. Of the 17 host factors that we had targeted,
importin β1, importin α1, importin α6, and transportin 1 were required for efficient HSV-1
gene expression while importin 11, importin 8, transportin 3 and importin 9 seemed to repress
HSV-1. Our experiments with fibroblasts from knock-out mice or transduced with lentiviral
vectors encoding for shRNAs to perturb the expression of specific importin α isoforms showed
that efficient nuclear import of the HSV-1 immediate-early proteins ICP4 and ICP0, and the
early proteins ICP8 and DNA polymerase required importin α1 and importin α3 but was
restricted by importin α4. Furthermore, the assembly of nuclear capsids, capsid egress into the
cytoplasm and formation of infectious virions were reduced in the absence of importin α1,
while nuclear targeting of incoming capsids, nuclear import of VP16 and of incoming
genomes were not impaired. Similarly, when the expression of importin α1 had been silenced
in neurons, nuclear targeting of incoming capsids from the somal plasma membrane or the
axonal compartment were also not impaired, but the nuclear import of ICP4, HSV-1 gene
expression, and the formation of nuclear capsid compartments was prevented. Our data indi-
cate that the nuclear import of several important HSV-1 proteins and thus efficient HSV-1
infection depend specifically on importin α1 in fibroblasts, and even more so in neurons.
Results
Specific nuclear transport factors are required for HSV-1 gene expression
To identify nuclear transport factors required for HSV-1 replication, we transfected HeLa cells
with specific siRNAs and infected them at 72 hpt (hour post transfection) with the reporter
strain HSV1(17+)Lox-pMCMVGFP which expresses GFP under the control of a murine cyto-
megalovirus promoter. At 12 hours post infection (hpi), the HSV1-mediated GFP expression
(Fig 1A), and the cell density based on DNA staining were measured in a plate reader (Fig 1B).
The GFP signals upon transfection of a scrambled siRNA were normalized to 100% and the
background signals of a mock-infected control to 0%. An siRNA directed against the GFP
transcripts or treatment with nocodazole served as controls, and reduced HSV1-mediated
GFP expression by more than 75%, as expected [62,63]. Nocodazole depolymerizes microtu-
bules that are required for efficient transport of incoming capsids to the nuclear pores, and
thus for viral gene expression in epithelial cells [18,20,64,65]. Franceschini et al. (2014) have
developed an algorithm to subtract some off-target effects of siRNAs with promiscuous seed
regions [66]. We applied their criteria to our data which resulted in re-calculating the effect of
4 siRNAs on HSV-1 gene expression (c.f. S1 Table, GFPcorr). Silencing the expression of some
nuclear transport factors reduced cell density, particularly in the case of importin β1 (KPNB1),
which is involved in many physiological processes [67,68]. We therefore determined the ratios
of the GFPcorr signals over the DNA signals, and ranked the nuclear transport factors
HSV1 and importin alpha 1
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Fig 1. Specific nuclear transport factors are required for HSV-1 early gene expression. HeLaCNX cells were transfected with
50 nM of a scrambled siRNA (scr) or siRNAs directed against different human nuclear transport factors for 72 h and mock
infected (no virus) or infected with HSV1(17+)Lox-pMCMVGFP at 4 x 10
6 pfu/mL for 12 h. Cells were fixed with 3% para-
formaldehyde, permeabilized with 0.1% Triton-X100, and stained with DAPI. The GFP and DAPI levels per well were measured
with a plate reader. After subtracting the background GFP signal of the mock infected cells, the GFP/well levels (A, top panel)
HSV1 and importin alpha 1
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according to a decreasing inhibition of HSV1-mediated GFP expression per cell upon siRNA
treatment (Fig 1C; S1 Table).
Individual siRNAs targeting importin β1 (gene KPNB1), importin α1 (KPNA2), importin
α6 (KPNA5), or transportin 1 (TNPO1) decreased HSV-1 mediated GFP/DNA expression on
average by more than 30%, whereas most siRNAs directed against importin α7 (KPNA6),
importin 4 (IPO4), importin α3 (KPNA4), importin 7 (IPO7), importin α4 (KPNA3), impor-
tin α5 (KPNA1), transportin 2 (TPNO2), or Ran binding protein 5 (RANBP5) on average had
little effect. In contrast, HSV1-mediated GFP expression was markedly increased by some
siRNAs aiming at importin 13 (IPO13), importin 11 (IPO11), importin 8 (IPO8), transportin
3 (TPNO3), or importin 9 (IPO9). These data suggested that HSV1-mediated GFP expression
in human HeLa cells particularly depended on importin ß1, importin α1, importin α6, and
transportin 1, but might have been restricted by the activities of importin 13, importin 11,
importin 9, transportin 3, and importin 9. The nuclear transport factors that were required for
efficient HSV-1 mediated GFP expression might contribute to (i) the release of the incoming
HSV-1 genomes into the nucleoplasm, (ii) the nuclear import of host transcription factors
operating on the MCMV promoter, such as NF-KB, AP-1, and SP-1, or (iii) the nuclear import
of host or viral factors required for HSV-1 DNA replication, since the amount of the GFP
reporter protein depends on the copy number of HSV-1 genomes in the nucleus.
Importin α expression in fibroblasts
Since we had already shown that importin β1 promotes targeting of incoming HSV-1 capsids
to NPCs and viral genome uncoating [23], we focused on the next potential hit, importin α1
(KPNA2). Promiscuous siRNA seed regions might result in off-target effects [66], and impor-
tin α isoforms are highly homologous; we therefore decided to use murine embryonic fibro-
blasts (MEFs) derived from specific importin α knock-out mice for functional experiments.
Like others, we use the numbering of the human proteins also for their closest murine homo-
logs: importin α1 (hImp α1, gene KPNA2; mImp α2, kpna2) and importin α8 (KPNA7; kpna7)
for members of the RCH-family, importin α3 (hImp α3, KPNA4; mImp α4, Kpna4) and
importin α4 (hImp α4, KPNA3; mImp α3, Kpna3) for the QIP family, and importin α5
(KPNA1; Kpna1), importin α6 (KPNA5; no murine homolog), and importin α7 (KPNA6;
Kpna6) for the SRP family [5,69–72]. Mouse embryonic fibroblasts (MEFs) derived from
importin α1 (MEF-Impα1-/-), importin α3 (MEF-Impα3-/-), or importin α4 (MEF-Impα4-/-)
[73] knock-out mice lacked the respective importin α proteins while the levels of other impor-
tins had not been reduced (S1A Fig). These data validate the specificity of the polyclonal anti-
peptide antibodies and the respective MEF lines used in this study.
Importin α1, importin α3, or importin α4 are not required for nuclear
targeting of incoming HSV-1 capsids, for nuclear import of incoming HSV-
1 genomes, or for nuclear import of HSV1-VP16
The first step of the HSV-1 life cycle suggested to recruit an importin α via an NLS is docking of
incoming capsids at the NPCs [23–25,28]. We therefore infected MEFs with HSV1(17+)Lox-
CheVP26 in the presence of cycloheximide to prevent synthesis of progeny HSV-1 proteins, and
analyzed the subcellular localization of incoming capsids by confocal fluorescence microscopy.
and the DAPI/well levels (B, middle panel) were normalized to cells transfected with scr siRNAs which had been set to 100%, and
the GFP/DAPI ratios were calculated and ranked (C, bottom panel). Medians with the interquartile range of at least two
independent experiments each performed in quadruplicates (c.f. S1 Table).
https://doi.org/10.1371/journal.ppat.1006823.g001
HSV1 and importin alpha 1
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In this HSV-1 reporter strain, the small capsid protein VP26 has been tagged with monomeric
Cherry (CheVP26; [74–76]). At 4 hpi, many HSV-1 capsids, detected by CheVP26 (Fig 2Aii; red
in Fig 2Aiv) and/or by antibody labeling (Fig 2Aiii, green in Fig 2Aiv), had accumulated at the
nuclear rims (Fig 2Ai and blue line Fig 2Aii, 2Aiii and 2Aiv) of MEFwt (Fig 2A). As in epithelial
cells [18,20], nocodazole treatment reduced nuclear targeting in MEFwt, and instead the capsids
were dispersed throughout the entire cytoplasm (Fig 2B). In contrast, incoming capsids accumu-
lated at the nuclear rims of MEF-Impα1-/- (Fig 2C), MEF-Impα3-/- (Fig 2D) or MEF-Impα4-/-
(Fig 2E). Thus, HSV-1 internalization into cells and nuclear targeting of incoming capsids were
not impaired in MEF-Impα1-/-, MEF-Impα3-/-, or MEF-Impα4-/-.
As efficient HSV-1 gene expression depends on genome uncoating from the capsids and
release into the nucleoplasm, we examined the nuclear import of incoming HSV-1 genomes.
MEFs were inoculated with HSV1(17+) at a high MOI in the presence of cycloheximide, dena-
tured at 3 hpi with an ethanol/acetic acid mixture, and hybridized with a Cy3-labeled DNA
probe specific for HSV-1. The cytoplasm and the nuclei of the MEFwt contained many spots of
hybridized HSV-1 genomes and mRNAs (S2Aiii Fig). In contrast, there were no signals for
HSV-1 in mock-treated cells (S2Biii Fig). The amount of nuclear HSV-1 nucleic acids
appeared similar to MEFwt in MEF-Impα1-/- (S2Ciii Fig), MEF-Impα3-/- (S2Diii Fig), and
MEF-Impα4-/- (S2Eiii Fig).
Efficient HSV-1 gene expression also depends on nuclear VP16, and we therefore investi-
gated its subcellular localization upon inoculation in the presence of cycloheximide. At 4 hpi,
HSV1-VP16 had accumulated to a similar extent in the nuclei of MEFwt (S2Fi Fig), MEFwt
treated with nocodazole (S2Gi Fig), MEF-Impα1-/- (S2Hi Fig), MEF-Impα3-/- (S2Ii Fig), and
MEF-Impα4-/- (S2Ji Fig). In MEFwt inoculated with the mutant HSV1(17+)Lox-ΔgB [77],
VP16 had not reached the nucleoplasm as expected, but been retained in virions, located either
at the plasma membrane or within endosomes (S2Ki Fig). Glycoprotein B (gB) is essential for
HSV-1 cell entry as it catalyzes the fusion of viral with host membranes [78,79]. Consistent
with an unimpaired nuclear targeting of incoming capsids, of genomes, and of VP16, we fur-
thermore did not detect any major reorganization of the microtubule network or the distribu-
tion of NPC proteins among the different MEF lines (S3 Fig). Taken together, HSV-1
internalization, nuclear targeting of incoming capsids, nuclear import of HSV-1 genomes, and
nuclear import of VP16 occurred with similar efficiencies in MEFwt, MEF-Impα1-/-,
MEF-Impα3-/- and MEF-Impα4-/-.
Importin α1 supports and importin α4 restricts efficient HSV-1 protein
expression
To determine whether importin α1 is required for viral protein expression, MEFwt,
MEF-Impα1-/-, MEF-Impα3-/-, or MEF-Impα4-/- were infected with HSV1(17+)Lox and
analyzed at 6 hpi by immunoblot. For calibration, we compared the lanes of the knock-out
cell lines to lanes in which 25%, 50% or 100% of a comparably infected MEFwt lysate had
been loaded (S4 Fig; WT, 25, 50, 100). By 6 hpi, MEFwt and the 3 knock-out lines expressed
the immediate-early protein ICP4, the early protein ICP8, and the late tegument proteins
VP16 and VP22 (S4A Fig). In contrast, when MEFwt had been inoculated in the presence of
nocodazole these proteins were barely detected. A quantitation showed that the expression
of ICP4, ICP8 and the late tegument protein VP22 were moderately reduced in the absence
of importin α1, but increased in cells lacking importin α4 (S4B Fig). These data indicate
that neither importin α1, importin α3, or importin α4 were obligatory but that importin α1
facilitated efficient HSV-1 protein expression while importin α4 restricted it to a certain
extent.
HSV1 and importin alpha 1
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Fig 2. Importin α1, importin α3 or importin α4 are not required for efficient nuclear targeting of incoming HSV-1 capsids.
Untreated MEFwt (wt, A), MEFwt treated with nocodazole (wt + ND, B), MEF-Impα1-/- (C), MEF-Impα3-/- (D), or MEF-Impα4-/- (E)
were infected with HSV1(17+)Lox-CheVP26 (5 x 107 pfu/mL, MOI of 100) in the presence of cycloheximide. The cells were fixed and
permeabilized at 4 hpi with PHEMO-fix, labeled with antibodies against capsids (pAb SY4563; iii; green in iv), and analyzed by
confocal fluorescence microscopy. CheVP26 was detected by its intrinsic fluorescence (ii, red in iv). Most of the incoming capsids
labeled by the α-capsid antibodies and the CheVP26 fluorescence had been targeted to the nuclear rims as determined by DIC (blue
lines). The areas boxed in the i panels are shown at higher magnification in the ii, iii, and iv panels. Scale bar: 20 μm.
https://doi.org/10.1371/journal.ppat.1006823.g002
HSV1 and importin alpha 1
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Importin α1 and importin α3 are required for efficient nuclear localization
of immediate-early and early HSV-1 proteins
We next determined the impact of different importin α isoforms on the subcellular
localization of several HSV-1 proteins required for early gene expression and for DNA
replication. MEFwt, MEF-Impα1-/-, MEF-Impα3-/-, or MEF-Impα4-/- were infected with
HSV1(17+)Lox-CheVP26, labeled for various HSV-1 proteins, stained for DNA, and ana-
lyzed by confocal fluorescence microscopy. By 4 hpi, ICP4 was detected in most nuclei of
MEFwt although its amount varied considerably among individual cells (Fig 3Ai). After
infection of MEFwt in the presence of nocodazole, ICP4 was not detected (Fig 3Bi), whereas
in MEF-Impα1-/- (Fig 3Ci) and in MEF-Impα3-/- (Fig 3Di) there was some nuclear ICP4,
although considerably less than in MEFwt or MEF-Impα4-/- (Fig 3Ei). A quantification of
more than 150 cells for each condition showed that the control nocodazole treatment pre-
vented nuclear localization of ICP4, and that there was significantly less nuclear ICP4 in
MEF-Impα1-/- and in MEF-Impα3-/-, but more in MEF-Impα4-/- when compared to MEFwt
(Fig 3F). Similar results were obtained for ICP0 (S5 Fig). Infection in the presence of noco-
dazole had also prevented ICP0 expression (S5B Fig), and there was less nuclear ICP0 in
MEF-Impα1-/- (S5Ci Fig) and in MEF-Impα3-/- (S5Di Fig), but not in MEF-Impα4-/- (S5Ei
Fig) when compared to MEFwt (S5Ai Fig). The quantification confirmed that the nuclear
localization of ICP0 depended on both importin α1 and importin α3, but not on importin
α4 (Fig 3G).
Seven HSV-1 early proteins including ICP8 and pUL42 catalyze nuclear viral DNA replica-
tion. By 6 hpi, ICP8 was detected in most nuclei of MEFwt although its amount varied also
among cells. ICP8 was diffusively distributed over the entire nucleoplasm, but clearly enriched
in certain nuclear regions (S5Fi Fig) which are the sites of HSV-1 DNA replication (reviewed
in [49,50]). Infection of MEFwt in the presence of nocodazole did not reveal any ICP8 (S5Gi
Fig), whereas in MEF-Impα1-/- (S5Hi Fig) and MEF-Impα3-/- (S5Ii Fig), there was some
nuclear ICP8, although considerably less than in MEFwt (S5Fi Fig) or MEF-Impα4-/- (S5Ji Fig).
Similarly, the amount of nuclear pUL42 was lowered in MEF-Impα1-/- (S5Mi Fig) and in
MEF-Impα3-/- (S5Ni Fig) when compared to MEF-Impα4-/- (S5Oi Fig) or MEFwt (S5Ki Fig),
and there was very little nuclear pUL42 if the MEFwt had been inoculated in the presence of
nocodazole (S5Li Fig). The quantification of these images showed that the nuclear localization
of ICP8 was reduced in the absence of importin α1 to a similar level as treatment with nocoda-
zole, and also reduced in the absence of importin α3, but increased without importin α4 when
compared to MEFwt (Fig 3H). Similarly, the nuclear localization of pUL42 was also dependent
on importin α1 and on importin α3 but not on importin α4 (Fig 3I).
While the MEF cell lines derived from knock-out animals unequivocally did not express the
targeted importin α isoform, they may have compensated its absence during passage in cell
culture by increased or decreased expression of other isoforms or related transport factors. As
an additional approach, we therefore validated lentiviral vectors expressing shRNAs to silence
the expression of importin α1, importin α3, or importin α4 without impairing the expression
of other importin α isoforms (S1B Fig). We then infected MEFwt transduced with specific
shRNAs or a scrambled shRNA with HSV-1 using the same conditions as for the MEF knock-
out lines. The nuclear localization of ICP4 (S6A–S6E Fig, Fig 3J), ICP0 (Fig 3K), ICP8 (S6F–
S6J Fig, Fig 3L), and pUL42 (Fig 3M) was significantly reduced upon silencing the expression
of importin α1 or importin α3. In contrast, silencing importin α4 expression did not affect the
nuclear targeting of ICP4, ICP0 or ICP8, but increased the nuclear amounts of pUL42.
In summary, targeting importin α4 with shRNA did not affect the nuclear amounts of three
HSV-1 proteins but lead to an increase of nuclear pUL42. Similarly, the nuclear amount of ICP0
HSV1 and importin alpha 1
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Fig 3. Importin α1 and α3 are required for the nuclear localization of HSV-1 immediate-early and early proteins. (A-E) MEFwt (A), nocodazole treated MEFwt
(wt + ND; B), MEF-Impα1-/- (C), MEF-Impα3-/- (D), or MEF-Impα4-/- (E) were infected with HSV1(17+)Lox-CheVP26 (0.5 to 1.25 x 106 pfu/mL, MOI of 2 to 5).
The cells were fixed at 4, 6 or 8 hpi with 3% PFA, permeabilized with TX-100, labeled for ICP4 (4 hpi; A-E), ICP0 (4 hpi; c.f. S6A–S6E Fig), ICP8 (6 hpi; c.f. S6F–
S6J Fig), or pUL42 (8 hpi; c.f. S6K–S6O Fig), and analyzed by confocal fluorescence microscopy. Scale bar 20 μm. (F-I) The mean nuclear fluorescence intensities
for ICP4 (F), ICP0 (G), ICP8 (H), or pUL42 (I) were measured in more than 150 randomly selected cells per condition, and are shown as box plots with medians
and whiskers representing the 5 to 95% percentile. The p values were determined with a Kruskal-Wallis test followed by Dunn’s multiple comparison testing. (J-M)
MEFwt transduced with scr shRNA or shRNAs targeting importin α1, α3 or α4 were infected as described above and the mean nuclear fluorescence intensities for
ICP4 (J; c.f. S7A, S7B, S7C, S7D and S7E Fig), ICP0 (K), ICP8 (L; c.f. S7F, S7G, S7H, S7I and S7J Fig) or pUL42 (M) were measured and plotted as described above.
https://doi.org/10.1371/journal.ppat.1006823.g003
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and pU42 was similar in MEF-Impα4-/- as in MEFwt, but increased for ICP4 and ICP8. In con-
trast, importin α1 and importin α3 were required for efficient nuclear localization of the imme-
diate-early expressed proteins ICP4 and ICP0 and the early expressed proteins ICP8 and pUL42.
Importin α1 is required for nuclear HSV-1 capsid assembly and productive
infection
As infection progressed to later phases of the viral life cycle, MEFwt, MEF-Impα1-/-,
MEF-Impα3-/-, or MEF-Impα4-/- infected with HSV1(17+)Lox-CheVP26 were analyzed for
nuclear capsid compartments. By 8 hpi, the nuclei of MEFwt (Fig 4Ai), MEF-Impα1-/- (Fig
4Ci), MEF-Impα3-/- (Fig 4Di), and MEF-Impα4-/- (Fig 4Ei) contained prominent amounts of
nuclear capsid proteins but no nuclear capsid proteins were detected upon infection in the
presence of nocodazole (Fig 4Bi). A quantitation showed that the amount of nuclear capsid
protein was similar in MEFwt, MEF-Impα1-/-, and MEF-Impα3-/-, and even increased in
MEF-Impα4-/- (Fig 4F). A similar experiment with MEFwt transduced with specific or scram-
bled shRNAs indicated a moderate reduction in the amount of nuclear capsid protein upon
silencing importin α1 expression but no changes in the absence of importin α3 or α4 (Fig 4G).
However nuclear import of capsid proteins does not necessarily indicate proper nuclear cap-
sid assembly. Consistent with an impairment of nuclear events during infection, the production
of cell-associated infectious HSV-1 particles was reduced by one log for MEF-Impα1-/-, and
delayed for MEF-Impα3-/- (Fig 4H). Accordingly, the release of extracellular infectious virions
was also delayed and reduced from MEF-Impα1-/-, and delayed from MEF-Impα3-/- when
compared to MEFwt (Fig 4I).
To obtain further insights into capsid and virion assembly, we infected MEFwt (Fig 5A) or
MEF-Impα1-/- (Fig 5B) with HSV(17+)Lox for 12 h, fixed them, and processed them for analysis
by conventional electron microscopy. In both cell types, all known assembly intermediates had
been formed: nuclear A, B and C capsids (Fig 5Ai and 5Bi), primary enveloped virions between
the inner and the outer nuclear envelope (white star in Fig 5Ai), cytosolic capsids (white arrow-
head in Fig 5Aii and 5Bii), capsids in the process of secondary envelopment (black arrowhead
in Fig 5Aiii), intracellular vesicles harboring apparently intact virions (black star in Fig 5Aii,
5Aiii, 5Aiv and 5Biii), and extracellular virions attached to the plasma membrane (arrow in Fig
5Aiv and 5Biv). To quantify the amounts of these different assembly intermediates, we system-
atically evaluated entire cross sections of 10 randomly imaged cells for each cell line (Table 1).
The amount of intracellular capsids per sampled area was reduced in MEF-Impα1-/- when
compared to MEFwt. However, although there were fewer nuclear capsids the proportion of
nuclear C capsids was increased. In contrast, while there were also fewer cytoplasmic capsids,
the relative proportions of the different cytoplasmic capsids, such as cytosolic capsids, capsids
in the process of being wrapped by cytoplasmic membranes, and enveloped capsids within
transport vesicles was rather similar.
Taken together these observations indicate that importin α1 is required for efficient nuclear
capsid assembly and efficient capsid egress. However, those capsids that are translocated into
the cytosol seem to associate with cytoplasmic membranes and to become enveloped to a simi-
lar extent to form infectious virions that are released from the infected cells also in the absence
of importin α1.
Importin α1 is not required for nuclear targeting of capsids but for HSV-1
gene expression in neurons
Since importin α isoforms exhibit unique expression profiles in neurons [80], we also investi-
gated the role of importin α in post-mitotic primary neurons derived from the dorsal root
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ganglia (DRG) of adult mice. We have shown previously that such neurons are susceptible to
productive HSV-1 infection [81–83]. We cultured DRG cells for 1 day, transduced them for 7
days with lentiviral vectors expressing an shRNA targeting importin α1, importin α3, importin
α4, or expressing a scrambled shRNA, and infected them then with HSV1(17+)Lox-GFP.
Immunoblotting showed that the expression of the respective importin α isoforms as well of
the late tegument protein VP22 was clearly reduced in the DRG cultures when compared to
the loading control p150Glued, a subunit of the dynein cofactor dynactin (Fig 6A).
We then used confocal fluorescence microscopy to limit our analysis to neurons identified
by their typical morphology, their DNA staining pattern (Fig 6Bi–6Fi), and expression of the
neuronal β-tubulin-III ([83]; see also Fig 7 below). Neurons expressing scrambled shRNA
Fig 4. Importin α1 is required for productive HSV-1 infection. (A-E) MEFwt (A), nocodazole treated MEFwt (wt + ND, B), MEF-Impα1-/- (C),
MEF-Impα3-/- (D), or MEF-Impα4-/- (E) were infected with HSV1(17+)Lox-CheVP26 (0.5 to 1.25 x 106 pfu/mL, MOI of 2 to 5), fixed with 3% PFA at 8 hpi,
permeabilized with TX-100, labeled with antibodies directed against capsid (pAb SY4563), and analyzed by confocal fluorescence microscopy. Scale bar 20 μm.
(F) The mean fluorescence intensities were measured in the nuclear profiles for the capsids in more than 150 randomly selected cells per condition, and are
shown as box plots with medians and whiskers representing the 10 to 90% percentile. The p values were determined with a Kruskal-Wallis test followed by
Dunn’s multiple comparison testing. (G) MEFwt transduced with scr shRNA or shRNAs targeting importin α1, α3 or α4 were infected, labeled with anti-capsid
antibodies, and analyzed by confocal microscopy as described for (F). (H-I) MEFwt, MEF-Impα1-/-, MEF-Impα3-/-, or MEF-Impα4-/- were infected with
HSV1(17+)Lox (2.5 × 106 pfu/mL, MOI of 10), and cell-associated (H) and extracellular (I) virions were harvested at the indicated time points, and titrated on
Vero cells.
https://doi.org/10.1371/journal.ppat.1006823.g004
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Fig 5. Importin α1 is important for nuclear egress of HSV-1 capsids. MEFwt (A) or MEF-Impα1-/- (B) were infected
with HSV1(17+)Lox with an MOI of 10 pfu/cell at 2.5 x 106 pfu/mL, fixed at 12 hpi, and analyzed by electron
microscopy. In both cell lines, all stages of virus assembly could be identified: nuclear A-capsids (labeled with A in Ai
and Bi), B-capsids (labeled with B in Ai and Bi), and C-capsids (labeled with C in Ai and Bi); primary enveloped
HSV1 and importin alpha 1
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were well infected as indicated by a prominent HSV-1 mediated expression of GFP (Fig 6Bii).
In contrast, there was no GFP detected upon infection in the presence of nocodazole (Fig
6Cii), silencing importin α1 (Fig 6Dii), or silencing importin α3 (Fig 6Eii), while silencing
importin α4 did not impair GFP expression (Fig 6Fii). Quantification showed that the levels of
nuclear GFP were very heterogeneous among individual neurons and as strongly inhibited in
the absence of importin α1 or importin α3 as in the presence of nocodazole (Fig 6G).
We focused the subsequent experiments on the role of neuronal importin α1, since silenc-
ing importin α3 often induced changes of the chromatin architecture (arrow in Fig 6Ei). Neu-
rons transduced for shRNA expression were inoculated with HSV-1 in the presence of
cycloheximide, fixed at 2.5 hpi, labeled with antibodies against capsids, stained for DNA, and
analyzed by confocal fluorescence microscopy. Incoming HSV-1 capsids were as efficiently
targeted to the nuclei (Fig 7Ai and 7Ci) of neurons expressing a scrambled shRNA (Fig 7Aii)
as after silencing importin α1 (Fig 7Cii). In contrast, nocodazole treatment reduced the num-
ber of incoming capsids reaching the neuronal nuclei (Fig 7Bii). Since importin α can contrib-
ute to retrograde axonal transport of some cargos [84–87], we also cultured DRG neurons in
microfluidic chambers to selectively inoculate the neurons via the axons and not via the plasma
membrane of the cell bodies for 4 h. However, nuclear targeting of HSV-1 capsids that in this
experimental set-up was strictly dependent on axonal transport was as efficient in neurons
expressing a scrambled shRNA (Fig 7Dii) as in neurons silenced for importin α1 expression
(Fig 7Eii).
virions (Ai, white star), cytosolic capsids (Aii, Bii, white arrowheads), wrapping intermediates with capsids being
closely associated with cytoplasmic membranes (Aiii, black arrowhead), virions after complete secondary envelopment
(Aii, iii, iv, Biii, black stars), and extracellular virions (Aiv, Biv, arrows). Scale bar is 500 nm.
https://doi.org/10.1371/journal.ppat.1006823.g005
Table 1. Importin α1 is required for efficient nuclear egress of progeny capsids.
Cell type MEFwt MEF-α1-/-
# of cells 10 10
Cell area [μm2] 932 764
Intracellular capsids / 1,000 μm2 634 449
Nuclear area [μm2] 373 428
Nuclear capsids / 1,000 μm2 1450 776
Nuclear capsids [% of all nuclear] A capsids 9 4
B capsids 77 55
C capsids 14 41
Cytoplasmic area [μm2] 559 336
Cytoplasmic capsids / 1,000 μm2 88 33
Cytosolic capsids [% of cytoplasmic capsids] 27 18
Wrapping intermediates [% of cytoplasmic capsids] 63 64
Enveloped capsids [% of cytoplasmic capsids] 10 18
MEFwt (left) or MEF-Impα1-/- (right) were infected with HSV1(17+)Lox, fixed at 12 hpi, and analyzed by electron
microscopy. The number of nuclear A-, B-, and C-capsids; cytosolic capsids, wrapping intermediates with capsids
being closely associated with cytoplasmic membranes, and virions after complete secondary envelopment was
counted, and the areas of the analyzed nuclear and cytoplasmic regions were measured. While the total number of
nuclear and cytoplasmic capsids was reduced in MEF-Impα1-/-, the ratio of nuclear C to B capsids was increased.
https://doi.org/10.1371/journal.ppat.1006823.t001
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Fig 6. Importins α1 and α3 but to a lesser extent α4 are required for HSV-1 gene expression in neurons. (A) DRG
cells cultured in 12-well plates were transduced with scr shRNA or shRNAs against importin α1, α3 or α4 as indicated.
At 7 dpt, cells were infected with HSV1(17+)Lox-GFP (5 x 106 pfu/mL) for 5 h. Cell lysates were analyzed by
immunoblot using antibodies against p150Glued, importin α1, α3, α4 or several structural HSV-1 proteins including
VP22 (pAb Remus V). (B-F) DRG cells cultured on cover slips were transduced with scrambled shRNA (B, C) shRNA
HSV1 and importin alpha 1
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To further assess later stages of the HSV-1 life cycle, we infected neurons with
HSV1(17+)Lox-GFP for 4 h, and labeled them for DNA, ICP4 and capsids. Neurons
expressing the scrambled shRNA were well infected as indicated by nuclear targeting of
ICP4 (Fig 8Aii), expression of the reporter GFP (Fig 8Aiii), and nuclear and cytoplasmic
progeny capsids (Fig 8Aiv). In contrast, there was little expression of ICP4 (Fig 8Cii) or of
GFP (Fig 8Ciii), and only incoming capsids were detected at the nuclear rims (Fig 8Civ)
after importin α1 expression had been silenced. When the neurons had been infected in the
presence of nocodazole, the incoming capsids were rather distributed over the cytoplasm
than at the nuclear rims (Fig 8B). A quantitation of these signals in more than 50 neurons
revealed that silencing importin α1 had reduced ICP4 (Fig 8D) and GFP (Fig 8E) expression
and also the formation of nuclear capsid assembly compartments (Fig 8F) almost as effi-
ciently as the nocodazole treatment. These experiments show that in primary neurons
nuclear ICP4 expression, HSV1-mediated GFP expression, VP22 expression, and the forma-
tion of nuclear capsid assembly compartments depended on importin α1.
Discussion
The herpesvirus life cycle depends on many nuclear functions, and we therefore tested the rele-
vance of nuclear transport factors during infection. Our RNAi screen targeting 17 host trans-
port factors demonstrated that importin β1, importin α1, importin α6, and transportin 1 were
important for efficient HSV1-mediated GFP reporter expression in HeLa cells. A reduction in
HSV-1 gene expression upon silencing importin β might have been expected as an NLS in the
capsid associated tegument protein pUL36 and importin β are required to dock incoming
HSV-1 capsids to the NPCs, and to inject their genomes into the nucleoplasm [23,25–29]. Sub-
sequent experiments showed that importin α1 and importin α3 were required for efficient
nuclear import of crucial HSV-1 proteins and infection of fibroblasts (c.f. S2 Table for a sum-
mary). Furthermore, silencing importin α1 expression in neurons abolished the formation of
nuclear replication and capsid assembly compartments. While the lack of importin α1 or
importin α3 delayed but did not prevent replication in fibroblasts, HSV-1 infection was depen-
dent on importin α1 in differentiated neurons. Our data suggest that in neurons, HSV-1 infec-
tion requires specifically importin α1 and importin α3, whereas in dividing cell lines the lack
of these importin α isoforms could be partially compensated, possibly by another importin α
isoform. In view of their high sequence conservation ([1–4]; reviewed in [5]), our study
revealed a remarkable specificity for distinct importin α isoforms required during HSV-1
infection.
While we focused here on importin α, future studies have to address the role of the other
nuclear transport factors which were potential hits of our RNAi screen. Transportin 1 is
another nuclear import factor that interacts with proline-tyrosine NLSs, such as e.g. those in
hnRNP1 [88], which differ from the NLSs of the importin αs. Interestingly, we identified
importin 9, 8, 11, 13, and transportin 3 as potential HSV-1 restriction factors. Importin 9
mediates the nuclear import of actin that is required for maximal host transcriptional activity
[89], but apparently restricted HSV1-mediated GFP expression. Similarly, transportin 3 medi-
ates nuclear import of splicing factors and has been implicated in HIV replication [90], but
targeting importin α1 (D), α3 (E), or α4 (F). At 7 dpt, the neurons were infected with HSV1(17+)Lox-GFP (5 x 106 pfu/
mL) in the absence (B, D-F) or presence of 10 μM nocodazole (C; ND). At 4 hpi, the cells were fixed and permeabilized
with PHEMO-fix, stained with DAPI (i), and analyzed by confocal fluorescence microscopy. GFP was detected by its
intrinsic fluorescence (ii). Scale bar: 10 μm (G) The intra-nuclear GFP signals were quantified with a CellProfiler
pipeline using 108 to 129 neurons per condition, and are shown as box plots with medians and whiskers representing
the 10 to 90% percentile.
https://doi.org/10.1371/journal.ppat.1006823.g006
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Fig 7. Importin α1 is not required for nuclear targeting of incoming HSV-1 capsids in neurons. (A-C) Primary cells from DRG cultured on cover
slips were transduced with scr shRNA (A,B) or shRNA targeting importin α1 (C). At 7 dpt, the cells were infected with HSV1(17+)Lox (2.5 x 107 pfu/
mL) in the presence of cycloheximide (A, C) or of nocodazole (ND) and cycloheximide (B). At 2.5 hpi, the cells were fixed and permeabilized with
PHEMO-fix, stained with DAPI (i), labelled with antibodies against capsid (ii) or β-III-tubulin (iii), and analyzed by confocal fluorescence
microscopy. (D-E) DRG cells cultured in microfluidic devices were transduced with scr shRNA (D) or a shRNA against importin α1 (E). At 7 dpt,
HSV1 and importin alpha 1
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also seemed to restrict HSV-1. A depletion of importin 8 interferes with miRNA-guided gene
silencing and RNA metabolism [91]. Importin 11 mediates nuclear import of E2 ubiquitin-
conjugating enzymes [92,93], and importin 13 the bidirectional nuclear transport of the E2
SUMO-conjugating enzyme Ubc9 that catalyzes post-translational modifications important
for intrinsic antiviral resistance [94,95]. Considering the diverse regulatory functions of
neurons were selectively inoculated from the axonal side with HSV1(17+)Lox-CheVP26 (1.3 x 108 pfu/mL) in the presence of cycloheximide. At 4
hpi, cells were fixed with PFA, stained with DAPI (i), labelled with anti-capsid antibodies (ii), and analyzed by confocal microscopy. Scale bars:
10 μm
https://doi.org/10.1371/journal.ppat.1006823.g007
Fig 8. Importin α1 is required for HSV-1 gene expression in neurons. Primary cells from dorsal root ganglia
cultured on cover slips were transduced with a scrambled shRNA (A, B) or an shRNA targeting importin α1 (C). At 7
dpt, the neurons were infected with HSV1(17+)Lox-GFP (5 x 106 pfu/mL) in the absence (A, C) or presence of 10 μM
nocodazole (B). At 4 hpi, the cells were fixed and permeabilized with PHEMO-fix, stained with DAPI (i), labelled with
antibodies directed against ICP4 (ii) or capsids (iv), and analyzed by confocal fluorescence microscopy. GFP was
detected by its intrinsic fluorescence (iii). Scale bar: 10 μm. The intra-nuclear ICP4 (D), GFP (E) and VP5 (F) signals
were quantified with a CellProfiler pipeline using 109 (sh scr), 51 (sh scr + ND), and 106 (sh Imp α1) neurons and are
shown as box plots with medians and whiskers representing the 10 to 90% percentile.
https://doi.org/10.1371/journal.ppat.1006823.g008
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 18 / 35
transcription, miRNA, sumoylation and ubiquitination, it will be a challenge to dissect poten-
tial specific contributions of importin 9, transportin 3, importin 8, importin 11, and importin
13 to HSV-1 replication.
Importins and HSV-1 infection of fibroblasts
The production of infectious cell-associated and extracellular virions was delayed and nuclear
targeting of ICP4, ICP0, ICP8 and the DNA polymerase subunit pUL42 impaired in the MEF
cells lacking importin α1 or importin α3. In contrast, nuclear targeting of incoming capsids as
well as nuclear import of VP16 and the HSV-1 genomes seemed not to be affected. Although
we could not test this directly since we lack sufficiently powerful antibodies, we suppose that
HCF-1 had co-imported VP16 into the nucleus, and together with other nuclear host tran-
scription factors such as Oct-1, SP1 and GABP initiated immediate-early transcription. The
nuclear functions of HCF-1 are essential for cell viability, as regulatory processes controlled by
this critical transcription factor do not operate properly, when HCF-1 is sequestered experi-
mentally to the cytosol [96]. Consistent with this assumption, we detected similar expression
levels of the immediate-early protein ICP4 by immunoblot in the different MEF lines. How-
ever, the nuclear import of ICP4 and another immediate-early protein ICP0 was severely
impaired without importin α1 or importin α3. Based on the coordinated interdependent and
temporally regulated HSV-1 expression program reported in other systems [30,31,33], we
expected that reducing the nuclear amounts of ICP4 and ICP0 would delay subsequent steps
of the HSV-1 life cycle. Yet, expression of the early and late proteins ICP8, VP16, and VP22
was not or only moderately reduced in MEFs lacking importin α1 or importin α3, and even
increased in the absence of importin α4.
Although HSV-1 gene expression seemed rather unperturbed, the nuclear import of the
ssDNA binding protein ICP8 and the DNA polymerase processivity factor pUL42 were
reduced in the absence of importin α1 or importin α3. The two DNA polymerase subunits
pUL30 and pUL42 of HSV-1 rely on several mechanisms for nuclear import, and can be
imported individually or as a holoenzyme (reviewed in [56]). HSV1-pUL30 comprises a non-
canonical and a classical bipartite NLS, and binds to importin α5, but other importin α iso-
forms have not been tested [97–99]. A bipartite NLS in HSV1-pUL42 has been shown to bind
to importin α7 and to some extent to importin α1 but actually not to importin α3 [100]; never-
theless its nuclear import was reduced in the absence of importin α1 or importin α3. pUL30
and pUL42 with mutated NLSs are still efficiently imported and targeted to the DNA replica-
tion compartments when co-expressed with the wild-type version of the other, but the holoen-
zyme is retained in the cytosol when the NLSs on both subunits are mutated [100]. Thus, it is
possible that the lowered amounts of nuclear ICP8 were sufficient to sustain some DNA repli-
cation by a nuclear pUL30 despite reduced amounts of its accessory factor pUL42. Importin
α1 was a hit in our targeted RNAi screen for HSV1-mediated GFP expression; possibly because
the nuclear HSV1 DNA replication had been reduced. Furthermore, the nuclear import of one
of the host factors NF-KB, CREB/ATF, AP-1, or SP1 that bind to the major immediate-early
promotor of murine cytomegalovirus controlling GFP expression in our reporter virus might
have been impaired [101,102].
Although immediate-early, early and late HSV-1 proteins had been synthesized, the elec-
tron microscopy analysis shows that the assembly of nuclear capsids, and thus the overall
amount of capsids was significantly reduced in the absence of importin α1. Furthermore, the
targeting of the HSV-1 pUL31/pUL34 nuclear export complex to the inner nuclear membrane
(reviewed in [103,104]) might have been impaired, leading to the reduced nuclear egress of
progeny capsids, and the reduced amount of cytoplasmic capsids. Consistent with an overall
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reduced nuclear targeting of important HSV-1 proteins, a reduced formation of nuclear cap-
sids, and a reduction in nuclear egress, the production of infectious HSV-1 virions was delayed
but not prevented in MEF-Impα1-/-, and to some extent also in MEF-Impα3-/-. The specific
requirement for importin α3 over importin α4 is remarkable, considering that their amino
acid sequences are to 86% identical and to 92% conserved, and considering that importin α4
might even restrict certain steps of the HSV-1 replication cycle. It may nevertheless be possible
that when one importin α is missing, the HSV-1 proteins could utilize another importin α
homolog.
Importins and HSV-1 infection of neurons
In the differentiated, post-mitotic neurons, HSV-1 infection depended even more on importin
α1 and importin α3. When importin α1 expression had been reduced by RNAi, the amounts
of ICP4, HSV-1 mediated GFP, VP22, as well as the formation of nuclear capsid assembly
compartments were reduced, while nuclear targeting of incoming capsids was not inhibited
irrespective of an inoculation via the somal plasma membrane or the axons. The distribution
of importin α isoforms is highly regulated in different cell types and during development
(reviewed in [3,5,6]). During neuronal differentiation, expression changes from being initially
high in importin α1 and low in importin α3 and importin α5 to low in importin α1 and high
in importin α3 and importin α5 [105]. The importin α repertoire of post-mitotic neurons
might be more limited than that of MEFs, and therefore silencing the expression of importin
α1 or importin α3 had a stronger impact on HSV-1 infection in neurons.
Having available the novel knock-out mice [73,106], MEF lines lacking specific importin α
isoforms [2,12,73], and shRNA lentiviral vectors targeting specific importin α isoforms with-
out influencing the expression of other importin α isoforms, we could validate antibodies spe-
cific for particular importin α isoforms or subfamilies. While importin α1 has been considered
the general nuclear transport factor for cargoes with a classical NLS [2], we and others could
generate knock-out mice for specific importin αs suggesting that their host functions could be
compensated at least to some extent [73,106]. Our study contributes to elucidating the mode
of importin α isoform specificity in vivo that is so far only understood for a limited number of
cargoes (reviewed in [5]). Furthermore, not all binding reactions of a substrate to an importin
α result in nuclear import of this substrate; for example, Oct-6 can bind to multiple importin-
α isoforms, but while binding to importin α1 causes retention in the cytoplasm, binding to
importin α5 results in nuclear import [11].
It will be interesting to determine, whether other alphaherpesviruses, betaherpesviruses,
and gammaherpesviruses depend on the same importin α isoforms for viral protein import
into the nucleus, capsid assembly, and capsid egress to the cytoplasm. Since the early years of
the nuclear transport field, the interaction of viral proteins with import factors has been stud-
ied, and in several proteins of the herpesviruses and also other viruses replicating in the
nucleus, NLS motifs recruiting specific import factors have been identified (for review see
[5,56]). Interestingly, the polymerase subunit PB2 of avian influenza A virus strains, an RNA
virus replicating in the nucleus, preferentially binds to importin α3, while mammalian adapted
strains prefer importin α7, and this switch might be a virulence factor in avian-mammalian
host adaptation [107]. Other viruses actually do not utilize but disarm specific importin α iso-
forms. The structural protein VP24 of Ebola virus and the polymerase of hepatitis B virus
block the nuclear import of STAT1, and thus interferon signaling by competitive binding to
importin α5 [108–110].
Although the exact intracellular concentration of different nuclear transport factors is hard
to measure in situ, it will be interesting to determine to which extent the specific importin
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isoforms are expressed in epithelial cells, fibroblasts, neurons, and immune cells that are tar-
geted by HSV-1 and other herpesviruses. In future work, it may be possible to reduce expres-
sion of all isoforms of one importin α subfamily in cell lines or in primary cells derived from
tissues of these knock-out mice in order to reveal potentially redundant virus-host interac-
tions. Further binding studies using recombinant HSV-1 proteins and limiting and competing
amounts of different importins will dissect whether herpesvirus proteins comprise additional
binding determinants that provide preferential specificity for importin α1 and importin α3 in
addition to the already known NLSs. Finally, herpesviruses may also utilize NLSs of tegument
proteins, e.g. the one in the N-terminal part of pUL36, or in capsid proteins exposed on the
surface of the incoming capsids to recruit specific importin α isoforms and importin β for cap-
sid targeting to the nuclear pores for genome release into the nucleoplasm.
Materials and methods
Cells
All cell lines were maintained as adherent cultures in a humidified incubator at 37˚C and 5%
CO2 and passaged twice per week. BHK 21 cells (ATCC CCL-10) and Vero-D6.1 expressing
HSV1-gB (Helena Browne, University of Cambridge, personal communication; [78]) were
maintained in minimum essential medium (MEM; Cytogen, Wetzlar, Germany) supple-
mented with 10% (v/v) FCS (PAA Laboratories GmbH, Co¨lbe, Germany; Life Technologies
Gibco) and Vero cells (ATCC CCL-81) in MEM supplemented with 7.5% FCS. HeLaCNX
cells [62], human embryonic kidney cells (HEK293T, ATCC CRL-11268; [111]) and mouse
embryonic fibroblasts (MEFs) derived from wild type (MEFwt), MEF-Impα1-/- from importin
α1-/-, MEF-Impα3-/- from importin α3-/-, and MEF-Impα4-/- from importin α4-/- [73] C57Bl/6
mice were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-GlutaMAX-I (Life
Technologies Gibco, Darmstadt, Germany) supplemented with 10% (v/v) FCS.
Cells from DRG of adult C57Bl/6JHanZtm mice were cultured using established protocols
[83,112–114]. The mice strain C57Bl/6JHanZtm (not genetically modified) were bred and
maintained without any perturbation. On the day of the experiment, they were taken up from
the animal facility, within 3 hours sedated with CO2-inhalation prior to killing by cervical dis-
location without any prior experimental perturbation, and the DRG from the cervical, thoracic
and lumbar levels of 3 to 4 mice were dissected afterwards. Those DRG were pooled in 1x
HBSS-complete buffer (Hank’s balanced salt solution, pH 7.4 with 5 mM HEPES and 10 mM
D-Glucose), incubated with 20 mg/mL papain (Sigma-Aldrich; in 0.4 mg/mL L-Cysteine, 0.5
mM EDTA, 1.5 mM CaCl2xH2O, pH 7.4) for 20 min at 37˚C, with 10 mg/mL collagenase IV
(Invitrogen) and 12 mg/mL dispase II (Sigma-Aldrich) for another 20 min at 37˚C, and then
triturated using Pasteur pipettes with narrowed ends. The cells were sedimented through 20%
(v/v) Percoll (Sigma-Aldrich) cushions in CO2-independent medium (Life Technologies
Gibco, Carlsbad, CA, USA) containing 10 mM D-glucose, 5 mM HEPES, 10% FCS, 100 U/mL
penicillin and 0.1 mg/mL streptomycin, suspended in Ham’s F-12 nutrient mix medium with
10% FCS, 50 ng/mL 2.5S nerve growth factor (Promega Corporation, Fitchburg, WI, US), 100
U/mL penicillin and 0.1 mg/mL streptomycin, and seeded onto cover slips of 20 mm diameter
in 24-well plates or into microfluidic devices (SND 450, Xona Microfluidics, LLC, Temecula,
CA, USA) attached to 24 x 32 mm cover slips. The cover slips had been pre-coated with 0.01%
(w/v) poly-L-lysine (Sigma-Aldrich) and 7 ng/μl murine laminin (Invitrogen). The cells were
cultured at 37˚C and 5% CO2 in a humidified incubator, and the media were replaced twice a
week. The mitosis inhibitor 1-β-D-arabinofuranosylcytosine (Sigma-Aldrich) was added at 1
to 2 div to a final concentration of 2 μM to suppress proliferation of dividing, non-neuronal
cells, but removed at 4 div prior to HSV-1 infection.
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 21 / 35
Viruses
We used HSV1(17+)Lox, HSV1(17+)Lox-pMCMVGFP, or HSV1-GFP for short, which expresses
soluble GFP under the control of the major immediate-early promoter of murine cytomegalo-
virus [62], HSV1(17+)Lox-CheVP26, in which monomeric Cherry has been fused to the N-
terminus of VP26 [76], HSV1(17+)Lox-CheVP26-UL37GFP [76], and HSV1(17+)Lox-ΔgB
lacking the UL27 gene that encodes the essential glycoprotein gB [77]. Virus titers were
assessed by plaque assays [115], or for HSV1(17+)Lox-ΔgB estimated by comparing an immu-
noblot analysis of extracellular viral particles to HSV1(17+)Lox-pMCMVGFP expressing gB and
used in parallel. For infection experiments, extracellular virus sedimented from the medium of
infected BHK 21 cells was used [18,115].
Plaque assays
The stocks of the different HSV-1 strains used for infection as well as the MEF-associated virus
and the virus released from infected MEFs were titrated on Vero cells. At 4, 8, 12, 16 and 20
hpi, the supernatants of infected MEF were collected and cleared by low-speed sedimentation,
and the cells were scraped into 1 mL/well MNT buffer (30 mM MES, 100 mM KCl, 20 mM
Tris, pH 7.4) and subjected to 3 cycles of freeze-thawing. Vero cells were cultured to just con-
fluency in 6-well dishes, and incubated for 1 h at room temperature on a rocking platform
with 10-fold serial dilutions of the different virus suspensions in CO2-independent medium
(Life Technologies Gibco) with 0.1% [w/v] cell culture grade bovine serum albumin (PAA Lab-
oratories GmbH). The inoculum was removed and 2 mL/well growth medium containing
20 μg/mL pooled human IgG (Sigma-Aldrich) was added. The cells were incubated for 3 d,
fixed in absolute methanol, and stained with 0.1% [w/v] crystal violet and 2% [v/v] ethanol in
H2O.
Antibodies and other reagents
To stain DNA, we used 4’,6-diamidino-2-phenylindole (DAPI; Roth) or TO-PRO-3-iodide
(Life Technologies) at final concentrations of 50 μg/mL or 1 to 2 μM, respectively. We used
rabbit polyclonal antibodies (pAbs) raised against human importin α1 (#70160, Abcam),
human importin α3 (Enno 31; Pineda Antiko¨rper Service, Berlin, Germany), human importin
α4 (Enno 32; Pineda Antiko¨rper Service), human importin α5/α6/α7 (MDC 220; [2]),
HSV1-VP16 (#631209, BD Biosciences), HSV-1 tegumented capsids (Remus, bleed V; [23]),
or nuclear HSV-1 capsids. To generate a polyclonal serum directed against HSV-1 capsids
(SY4563, anti-capsid), rabbits were immunized with purified nuclear capsids (Kaneka Euro-
gentec S.A., Seraing, Belgium). Mouse monoclonal antibodies (mAb) were directed against α-
tubulin (DM1A, Sigma-Aldrich), nuclear pore complexes (mAb 414, Abcam), actin (mAb
1501, Millipore), β-III-tubulin (mAb 5564, Millipore), p150Glued (#610474, BD Biosciences),
HSV1-ICP0 (mAb 11060, sc-53070, Santa Cruz Biotechnology), HSV1-ICP4 (mAb 10F1,
ab6514, Abcam), HSV1-ICP8 (mAb 11E2, ab20194, Abcam), or HSV1-pUL42 (ab19311,
Abcam). Secondary antibodies for immunoblotting were conjugated to fluorescent infrared
dyes (anti-rabbit IgG-IRDye 800CW, anti-mouse IgG-IRDye 680RD, LI-COR Biosciences),
and for immunofluorescence microscopy to Cy3 (goat-anti-rabbit IgG; Dianova), Cy5 (goat
anti-mouse IgG; Dianova), Alexa Fluor488 (A488; goat anti-rabbit IgG; goat-anti-mouse IgG,
Invitrogen) or fluorescein isothiocyanate (FITC; goat anti-rabbit IgG; Dianova). All secondary
antibodies were highly pre-adsorbed to eliminate cross-reactivity to other species than the
intended one.
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Lentiviral vectors expressing shRNAs
To silence importin α1, importin α3, or importin α4 by short hairpin RNAs (shRNAs; Sigma
Mission library; S3 Table) or to express a non-mammalian shRNA control (SHC002, Sigma
Mission library), we used lentiviral transduction. HEK 293T cells were transfected with 5 μg
pRSVRev, 2 μg pMD2.g (Addgene Inc., Cambridge, MA, USA, Cat. No. 12259), 10 μg
pCDNA3.GP.CCCC, and 10 μg transfer plasmid per 10 cm dish as described previously
([116]; plasmids provided by Axel Schambach). The supernatants were harvested at 36 and 48
h, and sedimented in a SW32.Ti rotor at 24,000 rpm for 90 min at 4˚C (Beckman Coulter).
The re-suspended lentiviral particles were snap frozen in liquid N2 and stored in single-use ali-
quots at -80˚C. Cell culture supernatants and concentrated lentiviral stocks were titrated using
a p24 ELISA [117]. MEFwt were transduced with lentiviral particles at 4 to 12 μg/mL p24 and
at 1 dpt, selection with puromycin at 2.5 μg/mL was started. DRG cells were transferred after 1
day in vitro to neuronal growth media containing lentiviral particles at 4 to 12 μg/mL p24 but
no AraC. After 2 dpt, the media were replaced by F12-complete with 2 μM AraC and 5 μg/mL
puromycin to select for transduced cells.
RNAi screen
Small interfering RNAs (siRNAs) against human transport factors as well as scr siRNAs were
from QIAGEN (c.f. S1 Table; Hilden, Germany) and the GFP silencer siRNAs from Ambion
(AM4626; Darmstadt, Germany). 3,500 to 4,000 HeLaCNX cells per well of 96-well plates were
reverse transfected with 50 nM of siRNA using Lipofectamine 2000 (Invitrogen, Life Technol-
ogies). After 3 days, cells were left untreated or pre-treated with 50 μM nocodazole for 1 h and
infected with 4 x 106 PFU/mL of HSV1(17+)Lox-pMCMVGFP for 12 h in the absence or pres-
ence of nocodazole. Cells were fixed with 3.4% paraformaldehyde (PFA), permeabilized with
0.1% Triton-X-100 and stained with DAPI. DAPI and GFP fluorescence were measured using
a fluorescence plate reader (BioTek Synergy 2, Bad Friedrichshall, Germany) and the GFP
background signal of the mock infected cells was subtracted. To allow comparison of different
experiments, the median values of cells transfected with scr siRNAs of each experiment were
set as 100% and GFP/well and DAPI/well values were calculated. To reduce the impact of
potential off-target effects introduced by miRNAs binding the siRNA seed region, the results
were corrected using a dataset of seed region phenotypes [66]. The seed regions of siRNAs
classified by Franceschini et al. (2014) to result in off-target effects were compiled, and the
mean of significantly altered seed region phenotypes were determined using a threshold of p<
= 0.05 after Bonferroni correction [118]. Franceschini et al. (2014) propose an additive model
with the seed phenotype contributing with a factor of 0.6 to the overall gene expression results.
This adjusted seed phenotype was subtracted from the gene expression results, and the medi-
ans of GFP/well, GFPcorr/well or DAPI/well respectively were determined (c.f. S1 Table, GFP,
GFPcorr, DAPI). To normalize for potential effects of RNAi on cell density, GFPcorr/DAPI
ratios were determined for each well, and the median from the single values was calculated (c.
f. S1 Table, GFPcorr/DAPI).
HSV-1 infection
For immunofluorescence microscopy, immunoblot analysis and viral growth curves, MEFs
were seeded onto coverslips in 24-well plates at densities of 1 x 105 cells/well or into 6-well
dishes at 2.5 x 105 cells/well, and on the next day pre-cooled and inoculated with HSV-1 in
CO2-independent medium with 0.1% (w/v) cell culture grade bovine serum albumin (BSA;
PAA Laboratories GmbH). MEFs were inoculated for 1 h on ice for nuclear targeting assays,
for 0.5 h on ice for measuring nuclear import of viral genomes and VP16, and for 2 h at RT for
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measuring viral gene expression by immunoblot and measuring nuclear import of viral pro-
teins by confocal fluorescence microscopy. DRG cells were inoculated for 0.5 h at RT.
After washing off the unbound virions, the cells were shifted to growth medium at 37˚C
for the indicated times. We used 5 x 107 pfu/mL (MOI of 100) of HSV1(17+)Lox-CheVP26
to analyze nuclear targeting of incoming HSV-1 capsids, 1 x 108 pfu/mL (MOI 200) of
HSV1(17+)Lox-pMCMVGFP or of HSV1(17
+)Lox–ΔgB to study the subcellular localization of
incoming VP16, 1 x 108 pfu/mL (MOI of 200) of HSV1(17+)Lox-CheVP26-UL37GFP to exam-
ine the nuclear import of incoming viral genomes, 0.5 to 1.25 x 106 pfu/mL (MOI 2 to 5) of
HSV1(17+)Lox-CheVP26 to examine the synthesis of structural HSV-1 proteins by immuno-
blot, 0.5 to 1.25 x 106 pfu/mL (MOI 2 to 5) of HSV1(17+)Lox-CheVP26 to determine the sub-
cellular localization of the immediate-early proteins ICP4 and ICP0, the early proteins ICP8,
and the late structural protein CheVP26. For the virus growth curves, the different MEF lines
were infected with 1.3 x 106 pfu/mL (MOI 5) of HSV1(17+)Lox at a reduced level of 1% [v/v]
FCS. Primary cells derived from the DRGs were infected with 2.5 x 107 pfu/mL for nuclear
capsid targeting, with 5 x 106 pfu/mL for gene expression upon infection from the somal
plasma membrane, or with 1.3 x 108 pfu/mL for nuclear capsid targeting upon infection from
the axonal compartment in microfluidic chambers. In those experiments analyzing the subcel-
lular localization of incoming HSV-1 capsids, incoming VP16 or incoming viral genomes, 0.5
mM cycloheximide (Sigma-Aldrich) was added to prevent synthesis of new viral proteins [18].
When nocodazole (25 or 50 μM for MEFs, 10 μM for neurons; Sigma-Aldrich) was used to
depolymerize microtubules, cells were pretreated for 1 h at 37˚C, and the drug was present
during all further steps.
Immunoblotting
Cells were lysed in hot sample buffer (1% [w/v] SDS, 50 mM Tris-HCl, pH 6.8, 1% [v/v] β-mer-
captoethanol, 5% [v/v] glycerol bromophenol blue) containing a protease inhibitor cocktail
(cOmplete Roche, #11873580001), and the DNA was sheared using 20-gauge needles. The
lysates were loaded onto linear 5 to 12% gradient or 10% SDS gels, and proteins were transferred
to nitrocellulose membranes. Membranes were incubated with a blocking solution of 5% [w/v]
low-fat milk in PBS followed by incubation with primary antibodies in blocking solution,
washed with PBS containing 0.1% [w/v] Tween-20 and 0.5% milk, incubated with secondary
antibodies in blocking solution, washed and scanned (Odyssey Infrared Imaging System,
LI-COR Biosciences, NE, USA). The band areas and mean intensities were measured using a
rectangular selection tool to calculate the integrated intensity (ImageJ version 1.50e, NIH, USA).
The background was subtracted, the integrated intensities were normalized to untreated MEFwt,
and the ratios of the respective viral protein to actin used as loading control were calculated.
Immunofluorescence microscopy
Infected cells were either simultaneously fixed and permeabilized with PHEMO-fix (68 mM
PIPES, 25 mM HEPES, 15 mM EGTA, 3 mM MgCl2, 10% [v/v] DMSO, 3.7% [w/v] PFA,
0.05% [v/v] glutaraldehyde, 0.5% [v/v] Triton X-100, pH 6.9) for 10 min at 37˚C and washed
twice with PHEMO buffer (68 mM PIPES, 25 mM HEPES, 15 mM EGTA, 3 mM MgCl2, 10%
[v/v] DMSO, pH 6.9), or fixed with 3% [w/v] PFA in PBS for 20 min at room temperature as
described before [18,19]. Fixed cells were treated with 50 mM NH4Cl/PBS for 10 min, and per-
meabilized with 0.1% Triton X-100/PBS for 5 min in the case of PFA fixation. The HSV1-Fc
receptor [119] and other unspecific antibody binding were blocked with 0.5% (w/v) BSA and
10% (v/v) serum from HSV1-negative volunteers. After the immunolabelling, the samples
were embedded in Mowiol containing 10% [w/v] 1,4-diazabicyclo[2.2.2]octane, and imaged
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with plan-apochromatic 63x oil-immersion objectives with a numerical aperture of 1.4 with a
confocal fluorescence microscope (LSM 510 Meta; Carl Zeiss Microscopy, Jena, Germany;
TCS SP6, LEICA Microsystems, Wetzlar, Germay). Contrast and brightness were adjusted
identically across each set of images (Adobe Photoshop version 6.0 or version CS4). Figures
were assembled using Adobe Illustrator CC (version 20.1.0).
To quantify the nuclear accumulation of ICP4, ICP0, ICP8, pUL42, GFP or capsid proteins,
we developed a pipeline using the CellProfiler software ([120]; http://cellprofiler.org/; BI-2013-
070, version 2.1.1, NIH, USA) that segmented the nuclei based on DAPI fluorescence and size,
and then determined the mean fluorescence intensity of the labeling for the above mentioned
proteins. To measure the number of capsids at the nuclear rim of neurons, nuclear corridors
around the outer rim of the segmented nuclei were defined by both expanding and shrinking
the nuclear area by several pixels. Then the number of capsids localized within that area was
counted. Thresholds for the recognition of the capsid signal were based on the typical signal
intensity and size of capsids and considering the background intensity of the anti-capsid anti-
body in uninfected neurons. For each protein, the average grey values per nuclei were calcu-
lated to compile box and whisker plots. The p values were determined with a Kruskal-Wallis
test followed by Dunn’s multiple comparison testing (software Prism, version 6; Graphpad,
San Diego, CA, USA).
Fluorescent in situ hybridization (FISH)
To analyze the subcellular distribution of incoming HSV-1 genomes, cells were infected as
described above and fixed with a mixture of 95% ethanol and 5% acetic acid, and processed for
fluorescent in situ hybridization (FISH). HSV-1 probe synthesis and hybridization were per-
formed as described previously [121,122] using a HSV1(17+)Lox-ΔUL36 genome cloned into a
bacterial artificial chromosome [123] to generate a Cy3-labelled DNA probe. For detection of
incoming HSV-1 genomes, the DNA probe was used at 20 μg per coverslip, and the samples
were analyzed by confocal fluorescence microscopy.
Electron microscopy
MEFwt or MEF-Impα1-/- seeded on glass cover slips were infected with HSV1(17+)Lox with an
MOI of 10 pfu/cell at 2.5 x 106 pfu/mL. The cells were fixed at 12 hpi with 2% glutaraldehyde
and 2.5% formaldehyde in cacodylate buffer [130 mM (CH3)2AsO2H, pH 7.4, 2 mM CaCl2, 10
mM MgCl2] for 1 h at room temperature. Cells were contrasted with 1% (w/v) OsO4 in caco-
dylate buffer (165 mM (CH3)2AsO2H, pH 7.4, 1.5% (w/v) K3[Fe(CH)6]) followed by 0.5% (w/
v) uranyl acetate in 50% (v/v) ethanol overnight. The cells were embedded in Epon plastic-
Serva, Heidelberg, Germany) and 50 nm ultrathin sections were cut parallel to the substrate.
Images were acquired with a Morgani transmission electron microscope (FEI, Eindhoven, The
Netherlands) at 80 kV. Viral structures were counted and sectioned nuclear and cytoplasmic
areas were measured using Fiji software (fiji.sc).
Ethic statement
Human sera of exclusively adult, healthy, HSV-1 seronegative volunteers were obtained after
written informed consent by the blood donors. Permission was granted by the Institution
Review Board (Hannover Medical School; Approval Number 893). According to the German
Animal Welfare Law §4, killing of animals needs no approval, if the removal of organs serves
scientific purposes, and if the mice had not undergone experimental treatment before. The
animal care and sacrifices were performed in strict accordance with the German regulations of
the Society for Laboratory Animal Science (GV-SOLAS), the European Health Law of the
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Federation of Laboratory Animal Science Association (FELASA) and the German Animal
Welfare Law. This study here does not contain animal experiments that require pre-approval,
and the total number of killed mice was reported at the end of each year to the animal welfare
deputy of Hannover Medical School. This information was registered annually as the number
of animals killed according to §4 of the German Animal Welfare Law and the number of killed
mice was registered with the animal welfare application number 2012/20 at the local state
authority (LAVES; Niedersächsisches Landesamt fuer Verbraucherschutz und Lebensmittelsi-
cherheit, Oldenburg, Germany).
Supporting information
S1 Fig. Importin α expression in human and murine cells. (A) MEFwt, MEF-Imp α1-/-,
MEF-Imp α3-/- or MEF-Imp α4-/- were seeded at 2.5 x 106 cells per 10 cm dish for 16 h, lysed
and analyzed by immunoblot using antibodies against p150Glued, importin α1, α3, α4, α5/α7
or actin. (B) MEFwt were transduced for 7 days with scr shRNA or with shRNAs targeting
murine importin α1, α3 or α4. Cell lysates were analyzed by immunoblot using antibodies
against p150Glued, importin α1, α3, α4 or α5/α7.
(TIF)
S2 Fig. Importin α1, α3, or α4 are not required for nuclear import of incoming HSV-1
genomes or HSV1-VP16. A-E: MEFwt (A, B), MEF-Impα1-/- (C), MEF-Impα3-/- (D) or
MEF-Impα4-/- (E) were inoculated with HSV1(17+)Lox-CheVP26-UL37GFP (1 x 108 pfu/mL,
MOI of 200) or mock treated (F; MEFwt only) in the presence of cycloheximide. At 3 hpi, the
cells were fixed and denatured with a mixture of 95% ethanol and 5% acetic acid, hybridized
with BAC-derived HSV1(17+)Lox-Cy3-DNA (iv), and analyzed by confocal microscopy. The
boxed area in ii is presented at higher magnification in iii–v. The blue lines (iv) indicate position
of the nuclei as determined by DIC (i). Scale bar, 20 μm. F-K: MEFwt (F, G & K), MEF-Impα1-/-
(H), MEF-Impα3-/- (I) or MEF-Impα4-/- (J) were inoculated with HSV1(17+)Lox-GFP (F-J; 1 x
108 pfu/mL, MOI of 200) or with HSV1(17+)Lox-ΔgB (K) with a comparable number of viral
particles in the presence of cycloheximide (F, H-K) or of cycloheximide and nocodazole (G).
The cells were fixed and permeabilized with PHEMO-fix at 4 hpi, labeled with antibodies against
VP16 (i), stained with TO-PRO-3 (ii; blue line in i), and analyzed by confocal microscopy.
(TIF)
S3 Fig. Microtubule and nuclear pore organization unchanged in MEFs. (A) Confocal
microscopy of MEFwt (Ai), MEF-Impα1-/- (Aii), MEF-Impα3-/- (Aiii), and MEF-Impα4-/- (Aiv)
mock treated in the presence of cycloheximide for 4 h, fixed and permeabilized with
PHEMO-fix and labeled with antibodies against α tubulin. (B) Confocal microscopy of
MEFwt (Bi), MEF-Impα1-/- (Bii), MEF-Impα3-/- (Biii), and MEF-Impα4-/- (Biv) inoculated
with HSV1(17+)Lox-CheVP26 (5 x 107 pfu/mL; MOI of 100) for 5 h in the presence of cyclo-
heximide, fixed and permeabilized with PHEMO-fix and labeled with antibodies against NPC.
Scale bar: 10 μm.
(TIF)
S4 Fig. Importin α1 facilitates and importin α4 restricts efficient HSV-1 protein expres-
sion. (A) MEFwt, MEF-Imp α1-/-, MEF-Imp α3-/-, or MEF-Imp α4-/- were mock infected or
infected for 6 h with HSV1(17+)Lox-CheVP26 (0.5 to 1.25 x 106 pfu/mL, MOI of 2 to 5 in the
absence or presence of nocodazole (ND). To estimate HSV-1 expression levels upon different
perturbations, 25%, 50% or 100% of a MEFwt lysates were loaded for comparison. The lysates
were analyzed by immunoblot using antibodies against ICP4, ICP8, several HSV-1 structural
proteins including VP16 and VP22 (pAb Remus V), or actin as a loading control. The upper
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part of the membrane was first incubated with anti-ICP8 (130 kDa, 2nd row) and then re-
probed with anti-ICP4 (175 kDa; first row).
(TIF)
S5 Fig. Importin α1 and α3 are required for nuclear localization of HSV-1 immediate-
early and early proteins. MEFwt (A, F, K), nocodazole treated MEFwt (wt + ND; B, G, L),
MEF-Impα1-/- (C, H. M), MEF-Impα3-/- (D, I, N), or MEF-Impα4-/- (E, J, O) were infected
with HSV1(17+)Lox-CheVP26 (0.5 to 1.25 x 106 pfu/mL, MOI of 2 to 5), fixed at different
times post infection with 3% PFA, permeabilized with TX-100, and labeled for ICP0 (A-E; 4
hpi), ICP8 (F-J; 6 hpi) or pUL42 (K-O; 8 hpi), and analyzed by confocal fluorescence micros-
copy. Scale bar 20 μm.
(TIF)
S6 Fig. Importin α1 and α3 are required for the nuclear localization of HSV-1 immediate-
early and early proteins. MEFwt transduced with scr shRNA (A, B, F, G) or shRNAs targeting
importin α1 (C, H), α3 (D, I) or α4 (E, J) were infected with HSV1(17+)Lox-CheVP26 (0.5 to
1.25 x 106 pfu/mL, MOI of 2 to 5) in the absence (A, C-E, F, H-J) or presence of nocodazole (B,
G). At 4 (A-E) or 6 (F-J) hpi, cells were fixed with 3% PFA, permeabilized with TX-100, labeled
with antibodies directed against ICP4 (A-E) or ICP8 (F-J), and analyzed by confocal fluores-
cence microscopy.
(TIF)
S1 Table. Specific nuclear transport factors are required for HSV-1 early gene expression.
HeLaCNX cells were mock-treated or transfected with 50 nM of siRNA directed against differ-
ent host transport factors in quadruplicate in 2 to 12 independent experiments (# of wells = 4
times # of exp.). After 3 days cells were left untreated or pre-treated with 50 μM nocodazole for
1 h and infected with 4 x 106 PFU/mL of HSV1(17+)Lox-GFP for 12 h in the absence or pres-
ence of nocodazole. Cells were fixed, permeabilized, and stained with DAPI. GFP and DAPI
fluorescence were measured using a fluorescence plate reader, and normalized to uninfected
or DMSO treated, infected cells to express the data of different experiments as percentages
(%). To reduce the impact of potential off-target effects introduced by miRNAs binding the
siRNA seed region, the results were corrected using a dataset of seed region phenotypes. The
seed regions of siRNAs classified by Franceschini et al. (2014) to result in off-target effects
were compiled, and the mean of significantly altered seed region phenotypes were determined
using a threshold of p< = 0.05 after Bonferroni correction (http://www.bioconductor.org/
packages/release/bioc/manuals/scsR/man/scsR.pdf, page 26). To normalize for potential effects
of RNAi on cell density, the HSV1-mediated GFP expression / cell density coefficients were
calculated from the respective individual measurements: GFP—median before Bonferroni cor-
rection; GFPcorr—median after Bonferroni correction; GFPcorr/DAPI—median of individual
GFPcorr/DAPI ratios. The degree of inhibition of different siRNA were then ranked; first
within one transport factor and then among all transport factors investigated (av x in %), and
then also expressed in absolute numbers (relative rank).
(DOCX)
S2 Table. HSV-1 infection experiments with MEFs. Summary of the results of the different
experiments assessing different stages of the HSV-1 replication cycle in MEF-Impα1-/-,
MEF-Impα3-/-, or MEF-Impα4-/- lines in comparison to the MEFwt control cell line, as well as
in MEFwt or DRG neurons transduced with shRNAs targeting importin α1, α3 or α4 in com-
parison to scr-transduced MEFwt or neurons.
(DOCX)
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S3 Table. List of shRNA sequences tested and validated for silencing importin α. SIGMA
TRCN numbers and sequences of the shRNAs used in this study and effect on target as
assessed by immuno-blotting. Sequences used for infection assays in MEFs or DRG cells are
indicated by x.
(DOCX)
Acknowledgments
We thank Lyudmila Ivanova (Institute of Virology, Hannover Medical School) for many con-
structive discussions. We are grateful to Helena Browne (University of Cambridge, United
Kingdom) and Axel Schambach (Department of Experimental Hematology, Hannover Medi-
cal School) for providing cell lines and plasmids, and to Angelina Malassa and Christine Goffi-
net (Twincore, Center for Experimental and Clinical Infection Research GmbH, Hannover)
for performing p24 antigen ELISAs.
Author Contributions
Conceptualization: Katinka Do¨hner, Ana Ramos-Nascimento, Dagmara Bialy, Fenja Ander-
son, Rudolf Bauerfeind, Beate Sodeik.
Data curation: Katinka Do¨hner, Ana Ramos-Nascimento, Dagmara Bialy, Fenja Anderson,
Franziska Rother, Thalea Koithan, Kathrin Rudolph, Stefanie Hu¨gel.
Formal analysis: Katinka Do¨hner, Ana Ramos-Nascimento, Dagmara Bialy, Fenja Anderson,
Ana Hickford-Martinez, Franziska Rother, Thalea Koithan, Kathrin Rudolph, Stefanie
Hu¨gel, Rudolf Bauerfeind, Beate Sodeik.
Funding acquisition: Robert Jan Lebbink, Rob C. Hoeben, Enno Hartmann, Michael Bader,
Beate Sodeik.
Investigation: Katinka Do¨hner, Ana Ramos-Nascimento, Dagmara Bialy, Fenja Anderson,
Ana Hickford-Martinez, Franziska Rother, Thalea Koithan, Kathrin Rudolph, Anna Buch,
Ute Prank, Anne Binz, Stefanie Hu¨gel, Rudolf Bauerfeind.
Methodology: Katinka Do¨hner, Ana Ramos-Nascimento, Dagmara Bialy, Fenja Anderson,
Thalea Koithan, Kathrin Rudolph, Anna Buch, Stefanie Hu¨gel, Robert Jan Lebbink, Rob C.
Hoeben, Rudolf Bauerfeind.
Project administration: Rob C. Hoeben, Enno Hartmann, Michael Bader, Beate Sodeik.
Resources: Franziska Rother, Anna Buch, Ute Prank, Anne Binz, Stefanie Hu¨gel, Robert Jan
Lebbink, Rob C. Hoeben, Enno Hartmann, Michael Bader, Beate Sodeik.
Supervision: Robert Jan Lebbink, Rob C. Hoeben, Enno Hartmann, Michael Bader, Beate
Sodeik.
Writing – original draft: Katinka Do¨hner, Dagmara Bialy, Fenja Anderson, Beate Sodeik.
Writing – review & editing: Katinka Do¨hner, Ana Ramos-Nascimento, Dagmara Bialy, Fenja
Anderson, Anna Buch, Rob C. Hoeben, Enno Hartmann, Michael Bader, Rudolf Bauer-
feind, Beate Sodeik.
References
1. Miyamoto Y, Imamoto N, Sekimoto T, Tachibana T, Seki T, et al. (1997) Differential modes of nuclear
localization signal (NLS) recognition by three distinct classes of NLS receptors. J Biol Chem 272:
26375–26381. PMID: 9334211
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 28 / 35
2. Ko¨hler M, Speck C, Christiansen M, Bischoff FR, Prehn S, et al. (1999) Evidence for distinct substrate
specificities of importin alpha family members in nuclear protein import. Mol Cell Biol 19: 7782–7791.
PMID: 10523667
3. Arjomand A, Baker MA, Li C, Buckle AM, Jans DA, et al. (2014) The alpha-importome of mammalian
germ cell maturation provides novel insights for importin biology. FASEB J 28: 3480–3493. https://doi.
org/10.1096/fj.13-244913 PMID: 24790034
4. Hu¨gel S, Depping R, Dittmar G, Rother F, Cabot R, et al. (2014) Identification of importin alpha 7 spe-
cific transport cargoes using a proteomic screening approach. Mol Cell Proteomics 13: 1286–1298.
https://doi.org/10.1074/mcp.M112.026856 PMID: 24623588
5. Pumroy RA, Cingolani G (2015) Diversification of importin-alpha isoforms in cellular trafficking and dis-
ease states. Biochem J 466: 13–28. https://doi.org/10.1042/BJ20141186 PMID: 25656054
6. Miyamoto Y, Yamada K, Yoneda Y (2016) Importin α: a key molecule in nuclear transport and non-
transport functions. The Journal of Biochemistry 160: 69–75. https://doi.org/10.1093/jb/mvw036
PMID: 27289017
7. Lange A, Mills RE, Lange CJ, Stewart M, Devine SE, et al. (2007) Classical nuclear localization sig-
nals: definition, function, and interaction with importin alpha. J Biol Chem 282: 5101–5105. https://doi.
org/10.1074/jbc.R600026200 PMID: 17170104
8. Christie M, Chang CW, Rona G, Smith KM, Stewart AG, et al. (2016) Structural Biology and Regula-
tion of Protein Import into the Nucleus. J Mol Biol 428: 2060–2090. https://doi.org/10.1016/j.jmb.2015.
10.023 PMID: 26523678
9. Kosugi S, Hasebe M, Matsumura N, Takashima H, Miyamoto-Sato E, et al. (2009) Six classes of
nuclear localization signals specific to different binding grooves of importin alpha. J Biol Chem 284:
478–485. https://doi.org/10.1074/jbc.M807017200 PMID: 19001369
10. Nardozzi J, Wenta N, Yasuhara N, Vinkemeier U, Cingolani G (2010) Molecular basis for the recogni-
tion of phosphorylated STAT1 by importin alpha5. J Mol Biol 402: 83–100. https://doi.org/10.1016/j.
jmb.2010.07.013 PMID: 20643137
11. Yasuhara N, Yamagishi R, Arai Y, Mehmood R, Kimoto C, et al. (2013) Importin alpha subtypes deter-
mine differential transcription factor localization in embryonic stem cells maintenance. Dev Cell 26:
123–135. https://doi.org/10.1016/j.devcel.2013.06.022 PMID: 23906064
12. Quensel C, Friedrich B, Sommer T, Hartmann E, Ko¨hler M (2004) In vivo analysis of importin alpha
proteins reveals cellular proliferation inhibition and substrate specificity. Mol Cell Biol 24: 10246–
10255. https://doi.org/10.1128/MCB.24.23.10246-10255.2004 PMID: 15542834
13. Friedrich B, Quensel C, Sommer T, Hartmann E, Ko¨hler M (2006) Nuclear localization signal and pro-
tein context both mediate importin alpha specificity of nuclear import substrates. Mol Cell Biol 26:
8697–8709. https://doi.org/10.1128/MCB.00708-06 PMID: 17000757
14. Sankhala RS, Lokareddy RK, Begum S, Pumroy RA, Gillilan RE, et al. (2017) Three-dimensional con-
text rather than NLS amino acid sequence determines importin alpha subtype specificity for RCC1.
Nat Commun 8: 979. https://doi.org/10.1038/s41467-017-01057-7 PMID: 29042532
15. Terry LJ, Wente SR (2007) Nuclear mRNA export requires specific FG nucleoporins for translocation
through the nuclear pore complex. J Cell Biol 178: 1121–1132. https://doi.org/10.1083/jcb.200704174
PMID: 17875746
16. Kabachinski G, Schwartz TU (2015) The nuclear pore complex—structure and function at a glance. J
Cell Sci 128: 423–429. https://doi.org/10.1242/jcs.083246 PMID: 26046137
17. Schmidt HB, Gorlich D (2016) Transport Selectivity of Nuclear Pores, Phase Separation, and Membra-
neless Organelles. Trends Biochem Sci 41: 46–61. https://doi.org/10.1016/j.tibs.2015.11.001 PMID:
26705895
18. Sodeik B, Ebersold MW, Helenius A (1997) Microtubule-mediated transport of incoming herpes sim-
plex virus 1 capsids to the nucleus. J Cell Biol 136: 1007–1021. PMID: 9060466
19. Do¨hner K, Wolfstein A, Prank U, Echeverri C, Dujardin D, et al. (2002) Function of dynein and dynactin
in herpes simplex virus capsid transport. Mol Biol Cell 13: 2795–2809. https://doi.org/10.1091/mbc.
01-07-0348 PMID: 12181347
20. Marozin S, Prank U, Sodeik B (2004) Herpes simplex virus type 1 infection of polarized epithelial cells
requires microtubules and access to receptors present at cell-cell contact sites. J Gen Virol 85: 775–
786. https://doi.org/10.1099/vir.0.19530-0 PMID: 15039520
21. Griffiths SJ, Koegl M, Boutell C, Zenner HL, Crump CM, et al. (2013) A Systematic Analysis of
Host Factors Reveals a Med23-Interferon-λRegulatory Axis against Herpes Simplex Virus Type 1
Replication. PLOS Pathogens 9: e1003514. https://doi.org/10.1371/journal.ppat.1003514 PMID:
23950709
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 29 / 35
22. Jovasevic V, Naghavi MH, Walsh D (2015) Microtubule plus end associated CLIP-170 initiates HSV-1
retrograde transport in primary human cells. Journal of Cell Biology 211: 323–337. https://doi.org/10.
1083/jcb.201505123 PMID: 26504169
23. Ojala PM, Sodeik B, Ebersold MW, Kutay U, Helenius A (2000) Herpes simplex virus type 1 entry into
host cells: reconstitution of capsid binding and uncoating at the nuclear pore complex in vitro. Mol Cell
Biol 20: 4922–4931. PMID: 10848617
24. Anderson F, Savulescu AF, Rudolph K, Schipke J, Cohen I, et al. (2014) Targeting of viral capsids to
nuclear pores in a cell-free reconstitution system. Traffic 15: 1266–1281. https://doi.org/10.1111/tra.
12209 PMID: 25131140
25. Copeland AM, Newcomb WW, Brown JC (2009) Herpes simplex virus replication: roles of viral pro-
teins and nucleoporins in capsid-nucleus attachment. J Virol 83: 1660–1668. https://doi.org/10.1128/
JVI.01139-08 PMID: 19073727
26. Roberts AP, Abaitua F, O’Hare P, McNab D, Rixon FJ, et al. (2009) Differing roles of inner tegument
proteins pUL36 and pUL37 during entry of herpes simplex virus type 1. J Virol 83: 105–116. https://
doi.org/10.1128/JVI.01032-08 PMID: 18971278
27. Schipke J, Pohlmann A, Diestel R, Binz A, Rudolph K, et al. (2012) The C terminus of the large tegu-
ment protein pUL36 contains multiple capsid binding sites that function differently during assembly
and cell entry of herpes simplex virus. J Virol 86: 3682–3700. https://doi.org/10.1128/JVI.06432-11
PMID: 22258258
28. Abaitua F, Hollinshead M, Bolstad M, Crump CM, O’Hare P (2012) A Nuclear localization signal in her-
pesvirus protein VP1-2 is essential for infection via capsid routing to the nuclear pore. J Virol 86:
8998–9014. https://doi.org/10.1128/JVI.01209-12 PMID: 22718835
29. Hennig T, Abaitua F, O’Hare P (2014) Functional analysis of nuclear localization signals in VP1-2
homologues from all herpesvirus subfamilies. J Virol 88: 5391–5405. https://doi.org/10.1128/JVI.
03797-13 PMID: 24574406
30. Conn KL, Schang LM (2013) Chromatin dynamics during lytic infection with herpes simplex virus 1.
Viruses 5: 1758–1786. https://doi.org/10.3390/v5071758 PMID: 23863878
31. Roizman B, Whitley RJ (2013) An Inquiry into the Molecular Basis of HSV Latency and Reactivation.
Annual Review of Microbiology, Vol 67 67: 355–374. https://doi.org/10.1146/annurev-micro-092412-
155654 PMID: 24024635
32. Gruffat H, Marchione R, Manet E (2016) Herpesvirus Late Gene Expression: A Viral-Specific Pre-initi-
ation Complex Is Key. Frontiers in Microbiology 7: 869. https://doi.org/10.3389/fmicb.2016.00869
PMID: 27375590
33. Knipe DM, Raja P, Lee J (2017) Viral gene products actively promote latent infection by epigenetic
silencing mechanisms. Current Opinion in Virology 23: 68–74. https://doi.org/10.1016/j.coviro.2017.
03.010 PMID: 28415052
34. Wysocka J, Herr W (2003) The herpes simplex virus VP16-induced complex: the makings of a regula-
tory switch. Trends Biochem Sci 28: 294–304. https://doi.org/10.1016/S0968-0004(03)00088-4
PMID: 12826401
35. La Boissiere S, Hughes T, O’Hare P (1999) HCF-dependent nuclear import of VP16. EMBO J 18:
480–489. https://doi.org/10.1093/emboj/18.2.480 PMID: 9889203
36. Preston CM, Frame MC, Campbell ME (1988) A complex formed between cell components and an
HSV structural polypeptide binds to a viral immediate early gene regulatory DNA sequence. Cell 52:
425–434. PMID: 2830986
37. Pan G, Qin B, Liu N, Scholer HR, Pei D (2004) Identification of a nuclear localization signal in OCT4
and generation of a dominant negative mutant by its ablation. J Biol Chem 279: 37013–37020. https://
doi.org/10.1074/jbc.M405117200 PMID: 15218026
38. Li X, Sun L, Jin Y (2008) Identification of karyopherin-alpha 2 as an Oct4 associated protein. J Genet
Genomics 35: 723–728. https://doi.org/10.1016/S1673-8527(08)60227-1 PMID: 19103427
39. Vogel JL, Kristie TM (2013) The dynamics of HCF-1 modulation of herpes simplex virus chromatin
during initiation of infection. Viruses 5: 1272–1291. https://doi.org/10.3390/v5051272 PMID:
23698399
40. Johnson PA, Everett RD (1986) DNA replication is required for abundant expression of a plasmid-
borne late US11 gene of herpes simplex virus type 1. Nucleic Acids Research 14: 3609–3625. PMID:
3012478
41. Johnson PA, MacLean C, Marsden HS, Dalziel RG, Everett RD (1986) The Product of Gene US11 of
Herpes Simplex Virus Type 1 Is Expressed as a True Late Gene. Journal of General Virology 67:
871–883. https://doi.org/10.1099/0022-1317-67-5-871 PMID: 3009688
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 30 / 35
42. Mullen MA, Ciufo DM, Hayward GS (1994) Mapping of intracellular localization domains and evidence
for colocalization interactions between the IE110 and IE175 nuclear transactivator proteins of herpes
simplex virus. Journal of Virology 68: 3250–3266. PMID: 8151787
43. Hibbard MK, Sandri-Goldin RM (1995) Arginine-rich regions succeeding the nuclear localization
region of the herpes simplex virus type 1 regulatory protein ICP27 are required for efficient nuclear
localization and late gene expression. Journal of Virology 69: 4656–4667. PMID: 7609030
44. Mears WE, Lam V, Rice SA (1995) Identification of nuclear and nucleolar localization signals in the
herpes simplex virus regulatory protein ICP27. Journal of Virology 69: 935–947. PMID: 7529337
45. Stelz G, Ru¨cker E, Rosorius O, Meyer G, Stauber RH, et al. (2002) Identification of Two Nuclear
Import Signals in the α-Gene Product ICP22 of Herpes Simplex Virus 1. Virology 295: 360–370.
https://doi.org/10.1006/viro.2002.1384 PMID: 12033795
46. Dembowski JA, DeLuca NA (2015) Selective Recruitment of Nuclear Factors to Productively Replicat-
ing Herpes Simplex Virus Genomes. PLOS Pathogens 11: e1004939. https://doi.org/10.1371/journal.
ppat.1004939 PMID: 26018390
47. Sandri-Goldin RM (2011) The many roles of the highly interactive HSV protein ICP27, a key regulator
of infection. Future Microbiol 6: 1261–1277. https://doi.org/10.2217/fmb.11.119 PMID: 22082288
48. Boutell C, Everett RD (2013) Regulation of alphaherpesvirus infections by the ICP0 family of proteins.
J Gen Virol 94: 465–481. https://doi.org/10.1099/vir.0.048900-0 PMID: 23239572
49. Muylaert I, Tang KW, Elias P (2011) Replication and recombination of herpes simplex virus DNA. J
Biol Chem 286: 15619–15624. https://doi.org/10.1074/jbc.R111.233981 PMID: 21362621
50. Weller SK, Coen DM (2012) Herpes simplex viruses: mechanisms of DNA replication. Cold Spring
Harb Perspect Biol 4: a013011. https://doi.org/10.1101/cshperspect.a013011 PMID: 22952399
51. Malik AK, Weller SK (1996) Use of transdominant mutants of the origin-binding protein (UL9) of herpes
simplex virus type 1 to define functional domains. J Virol 70: 7859–7866. PMID: 8892908
52. Gao M, Knipe DM (1992) Distal protein sequences can affect the function of a nuclear localization sig-
nal. Molecular and Cellular Biology 12: 1330–1339. PMID: 1545814
53. Calder JM, Stow EC, Stow ND (1992) On the cellular localization of the components of the herpes sim-
plex virus type 1 helicase-primase complex and the viral origin-binding protein. J Gen Virol 73 (Pt 3):
531–538.
54. Barnard EC, Brown G, Stow ND (1997) Deletion mutants of the herpes simplex virus type 1 UL8 pro-
tein: effect on DNA synthesis and ability to interact with and influence the intracellular localization of
the UL5 and UL52 proteins. Virology 237: 97–106. https://doi.org/10.1006/viro.1997.8763 PMID:
9344911
55. Wu FY, Ahn JH, Alcendor DJ, Jang WJ, Xiao J, et al. (2001) Origin-independent assembly of Kaposi’s
sarcoma-associated herpesvirus DNA replication compartments in transient cotransfection assays
and association with the ORF-K8 protein and cellular PML. J Virol 75: 1487–1506. https://doi.org/10.
1128/JVI.75.3.1487-1506.2001 PMID: 11152521
56. Alvisi G, Jans D, Camozzi D, Avanzi S, Loregian A, et al. (2013) Regulated Transport into the Nucleus
of Herpesviridae DNA Replication Core Proteins. Viruses 5: 2210. https://doi.org/10.3390/v5092210
PMID: 24064794
57. Rixon FJ, Addison C, McGregor A, Macnab SJ, Nicholson P, et al. (1996) Multiple interactions control
the intracellular localization of the herpes simplex virus type 1 capsid proteins. J Gen Virol 77 (Pt 9):
2251–2260.
58. Nicholson P, Addison C, Cross AM, Kennard J, Preston VG, et al. (1994) Localization of the herpes
simplex virus type 1 major capsid protein VP5 to the cell nucleus requires the abundant scaffolding
protein VP22a. J Gen Virol 75 (Pt 5): 1091–1099.
59. Adamson WE, McNab D, Preston VG, Rixon FJ (2006) Mutational Analysis of the Herpes Simplex
Virus Triplex Protein VP19C. Journal of Virology 80: 1537–1548. https://doi.org/10.1128/JVI.80.3.
1537-1548.2006 PMID: 16415029
60. Li Y, Zhao L, Wang S, Xing J, Zheng C (2012) Identification of a novel NLS of herpes simplex virus
type 1 (HSV-1) VP19C and its nuclear localization is required for efficient production of HSV-1. J Gen
Virol 93: 1869–1875. https://doi.org/10.1099/vir.0.042697-0 PMID: 22622329
61. Sankhala RS, Lokareddy RK, Cingolani G (2016) Divergent Evolution of Nuclear Localization Signal
Sequences in Herpesvirus Terminase Subunits. J Biol Chem 291: 11420–11433. https://doi.org/10.
1074/jbc.M116.724393 PMID: 27033706
62. Snijder B, Sacher R, Ramo P, Liberali P, Mench K, et al. (2012) Single-cell analysis of population con-
text advances RNAi screening at multiple levels. Mol Syst Biol 8: 579. https://doi.org/10.1038/msb.
2012.9 PMID: 22531119
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 31 / 35
63. Devadas D, Koithan T, Diestel R, Prank U, Sodeik B, et al. (2014) Herpes simplex virus internalization
into epithelial cells requires Na+/H+ exchangers and p21-activated kinases but neither clathrin- nor
caveolin-mediated endocytosis. J Virol 88: 13378–13395. https://doi.org/10.1128/JVI.03631-13
PMID: 25210183
64. Kotsakis A, Pomeranz LE, Blouin A, Blaho JA (2001) Microtubule reorganization during herpes sim-
plex virus type 1 infection facilitates the nuclear localization of VP22, a major virion tegument protein. J
Virol 75: 8697–8711. https://doi.org/10.1128/JVI.75.18.8697-8711.2001 PMID: 11507215
65. Mabit H, Nakano MY, Prank U, Saam B, Dohner K, et al. (2002) Intact microtubules support adenovi-
rus and herpes simplex virus infections. J Virol 76: 9962–9971. https://doi.org/10.1128/JVI.76.19.
9962-9971.2002 PMID: 12208972
66. Franceschini A, Meier R, Casanova A, Kreibich S, Daga N, et al. (2014) Specific inhibition of diverse
pathogens in human cells by synthetic microRNA-like oligonucleotides inferred from RNAi screens.
Proc Natl Acad Sci U S A 111: 4548–4553. https://doi.org/10.1073/pnas.1402353111 PMID:
24616511
67. Harel A, Forbes DJ (2004) Importin beta: conducting a much larger cellular symphony. Mol Cell 16:
319–330. https://doi.org/10.1016/j.molcel.2004.10.026 PMID: 15525506
68. Kimura M, Imamoto N (2014) Biological significance of the importin-beta family-dependent nucleo-
cytoplasmic transport pathways. Traffic 15: 727–748. https://doi.org/10.1111/tra.12174 PMID:
24766099
69. Ko¨hler M, Ansieau S, Prehn S, Leutz A, Haller H, et al. (1997) Cloning of two novel human importin-
alpha subunits and analysis of the expression pattern of the importin-alpha protein family. FEBS Lett
417: 104–108. PMID: 9395085
70. Tsuji L, Takumi T, Imamoto N, Yoneda Y (1997) Identification of novel homologues of mouse importin
alpha, the alpha subunit of the nuclear pore-targeting complex, and their tissue-specific expression.
FEBS Lett 416: 30–34. PMID: 9369227
71. Mason DA, Stage DE, Goldfarb DS (2009) Evolution of the metazoan-specific importin alpha gene
family. J Mol Evol 68: 351–365. https://doi.org/10.1007/s00239-009-9215-8 PMID: 19308634
72. Yasuhara N, Oka M, Yoneda Y (2009) The role of the nuclear transport system in cell differentiation.
Semin Cell Dev Biol 20: 590–599. https://doi.org/10.1016/j.semcdb.2009.05.003 PMID: 19465141
73. Rother F, Shmidt T, Popova E, Krivokharchenko A, Hu¨gel S, et al. (2011) Importin α7 Is Essential for
Zygotic Genome Activation and Early Mouse Development. PLOS ONE 6: e18310. https://doi.org/10.
1371/journal.pone.0018310 PMID: 21479251
74. Nagel CH, Do¨hner K, Fathollahy M, Strive T, Borst EM, et al. (2008) Nuclear egress and envelopment
of herpes simplex virus capsids analyzed with dual-color fluorescence HSV1(17+). J Virol 82: 3109–
3124. https://doi.org/10.1128/JVI.02124-07 PMID: 18160444
75. Nagel CH, Do¨hner K, Binz A, Bauerfeind R, Sodeik B (2012) Improper tagging of the non-essential
small capsid protein VP26 impairs nuclear capsid egress of herpes simplex virus. PLoS One 7:
e44177. https://doi.org/10.1371/journal.pone.0044177 PMID: 22952920
76. Sandbaumhu¨ter M, Do¨hner K, Schipke J, Binz A, Pohlmann A, et al. (2013) Cytosolic herpes simplex
virus capsids not only require binding inner tegument protein pUL36 but also pUL37 for active trans-
port prior to secondary envelopment. Cell Microbiol 15: 248–269. https://doi.org/10.1111/cmi.12075
PMID: 23186167
77. Jirmo AC, Nagel CH, Bohnen C, Sodeik B, Behrens GM (2009) Contribution of direct and cross-
presentation to CTL immunity against herpes simplex virus 1. J Immunol 182: 283–292. PMID:
19109159
78. Cai WZ, Person S, DebRoy C, Gu BH (1988) Functional regions and structural features of the gB gly-
coprotein of herpes simplex virus type 1. An analysis of linker insertion mutants. J Mol Biol 201: 575–
588. PMID: 2843650
79. Cooper RS, Heldwein EE (2015) Herpesvirus gB: A Finely Tuned Fusion Machine. Viruses 7: 6552–
6569. https://doi.org/10.3390/v7122957 PMID: 26690469
80. Perry RB, Fainzilber M (2009) Nuclear transport factors in neuronal function. Semin Cell Dev Biol 20:
600–606. https://doi.org/10.1016/j.semcdb.2009.04.014 PMID: 19409503
81. Krawczyk A, Dirks M, Kasper M, Buch A, Dittmer U, et al. (2015) Prevention of herpes simplex virus
induced stromal keratitis by a glycoprotein B-specific monoclonal antibody. PLoS One 10: e0116800.
https://doi.org/10.1371/journal.pone.0116800 PMID: 25587898
82. Bauer D, Alt M, Dirks M, Buch A, Heilingloh CS, et al. (2017) A Therapeutic Antiviral Antibody Inhibits
the Anterograde Directed Neuron-to-Cell Spread of Herpes Simplex Virus and Protects against Ocular
Disease. Frontiers in Microbiology 8: 2115. https://doi.org/10.3389/fmicb.2017.02115 eCollection
2017. PMID: 29163407
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 32 / 35
83. Buch A, Mu¨ller O, Ivanova L, Do¨hner K, Bosse JB, et al. (2017) Inner tegument proteins of Herpes
Simplex Virus are sufficient for intracellular capsid motitility but not for axonal targeting. PLoS Patho-
gen, accepted, https://doi.org/10.1371/journal.ppat.1006813 PMID: 29284065
84. Schmied R, Ambron RT (1997) A nuclear localization signal targets proteins to the retrograde trans-
port system, thereby evading uptake into organelles in aplysia axons. J Neurobiol 33: 151–160.
PMID: 9240371
85. Hanz S, Perlson E, Willis D, Zheng JQ, Massarwa R, et al. (2003) Axoplasmic importins enable retro-
grade injury signaling in lesioned nerve. Neuron 40: 1095–1104. PMID: 14687545
86. Thompson KR, Otis KO, Chen DY, Zhao Y, O’Dell TJ, et al. (2004) Synapse to nucleus signaling dur-
ing long-term synaptic plasticity; a role for the classical active nuclear import pathway. Neuron 44:
997–1009. https://doi.org/10.1016/j.neuron.2004.11.025 PMID: 15603742
87. Lai KO, Zhao Y, Ch’ng TH, Martin KC (2008) Importin-mediated retrograde transport of CREB2 from
distal processes to the nucleus in neurons. Proc Natl Acad Sci U S A 105: 17175–17180. https://doi.
org/10.1073/pnas.0803906105 PMID: 18957537
88. Siomi H, Dreyfuss G (1995) A nuclear localization domain in the hnRNP A1 protein. The Journal of
Cell Biology 129: 551–560. PMID: 7730395
89. Dopie J, Skarp K-P, Kaisa Rajakyla¨ E, Tanhuanpa¨a¨ K, Vartiainen MK (2012) Active maintenance of
nuclear actin by importin 9 supports transcription. Proceedings of the National Academy of Sciences
of the United States of America 109: E544–E552. https://doi.org/10.1073/pnas.1118880109 PMID:
22323606
90. Maertens GN, Cook NJ, Wang W, Hare S, Gupta SS, et al. (2014) Structural basis for nuclear import
of splicing factors by human Transportin 3. Proceedings of the National Academy of Sciences 111:
2728–2733. https://doi.org/10.1073/pnas.1320755111 PMID: 24449914
91. Weinmann L, Ho¨ck J, Ivacevic T, Ohrt T, Mu¨tze J, et al. (2009) Importin 8 Is a Gene Silencing Factor
that Targets Argonaute Proteins to Distinct mRNAs. Cell 136: 496–507. https://doi.org/10.1016/j.cell.
2008.12.023 PMID: 19167051
92. Plafker SM, Plafker KS, Weissman AM, Macara IG (2004) Ubiquitin charging of human class III ubiqui-
tin-conjugating enzymes triggers their nuclear import. The Journal of Cell Biology 167: 649–659.
https://doi.org/10.1083/jcb.200406001 PMID: 15545318
93. Chen M, Nowak DG, Narula N, Robinson B, Watrud K, et al. (2017) The nuclear transport receptor
Importin-11 is a tumor suppressor that maintains PTEN protein. The Journal of Cell Biology.
94. Mingot J-M, Kostka S, Kraft R, Hartmann E, Go¨rlich D (2001) Importin 13: a novel mediator of nuclear
import and export. The EMBO Journal 20: 3685–3694. https://doi.org/10.1093/emboj/20.14.3685
PMID: 11447110
95. Brown JR, Conn KL, Wasson P, Charman M, Tong L, et al. (2016) SUMO Ligase Protein Inhibitor of
Activated STAT1 (PIAS1) Is a Constituent Promyelocytic Leukemia Nuclear Body Protein That Con-
tributes to the Intrinsic Antiviral Immune Response to Herpes Simplex Virus 1. J Virol 90: 5939–5952.
https://doi.org/10.1128/JVI.00426-16 PMID: 27099310
96. Khurana B, Kristie TM (2004) A protein sequestering system reveals control of cellular programs by
the transcriptional coactivator HCF-1. J Biol Chem 279: 33673–33683. https://doi.org/10.1074/jbc.
M401255200 PMID: 15190068
97. Marsden HS, Murphy M, McVey GL, MacEachran KA, Owsianka AM, et al. (1994) Role of the carboxy
terminus of herpes simplex virus type 1 DNA polymerase in its interaction with UL42. J Gen Virol 75
(Pt 11): 3127–3135.
98. Loregian A, Piaia E, Cancellotti E, Papini E, Marsden HS, et al. (2000) The catalytic subunit of herpes
simplex virus type 1 DNA polymerase contains a nuclear localization signal in the UL42-binding region.
Virology 273: 139–148. https://doi.org/10.1006/viro.2000.0390 PMID: 10891416
99. Alvisi G, Musiani D, Jans DA, Ripalti A (2007) An importin alpha/beta-recognized bipartite nuclear
localization signal mediates targeting of the human herpes simplex virus type 1 DNA polymerase cata-
lytic subunit pUL30 to the nucleus. Biochemistry 46: 9155–9163. https://doi.org/10.1021/bi7002394
PMID: 17640102
100. Alvisi G, Avanzi S, Musiani D, Camozzi D, Leoni V, et al. (2008) Nuclear import of HSV-1 DNA
polymerase processivity factor UL42 is mediated by a C-terminally located bipartite nuclear
localization signal. Biochemistry 47: 13764–13777. https://doi.org/10.1021/bi800869y PMID:
19053255
101. Simon CO, Ku¨hnapfel B, Reddehase MJ, Grzimek NKA (2007) Murine Cytomegalovirus Major Imme-
diate-Early Enhancer Region Operating as a Genetic Switch in Bidirectional Gene Pair Transcription.
J Virol 81: 7805–7810. https://doi.org/10.1128/JVI.02388-06 PMID: 17494084
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 33 / 35
102. Meier J, Stinski M (2013) Major Immediate-early enhancer and its gene products. In: Reddehase MJ,
editor. CYtomegaloviruses: From Molecular Pathogenesis to Intervention. Norfolk, UK: Caister Aca-
demic Press. pp. 152–173.
103. Hellberg T, Paßvogel L, Schulz KS, Klupp BG, Mettenleiter TC (2016) Nuclear Egress of Herpesvi-
ruses. Advances in Virus Research 94: 81–140. https://doi.org/10.1016/bs.aivir.2015.10.002 PMID:
26997591
104. Bigalke JM, Heldwein EE (2017) Have NEC Coat, Will Travel. Advances in Virus Research 97: 107–
141. https://doi.org/10.1016/bs.aivir.2016.07.002 PMID: 28057257
105. Yasuhara N, Shibazaki N, Tanaka S, Nagai M, Kamikawa Y, et al. (2007) Triggering neural differentia-
tion of ES cells by subtype switching of importin-[alpha]. Nat Cell Biol 9: 72–79. https://doi.org/10.
1038/ncb1521 PMID: 17159997
106. Shmidt T, Hampich F, Ridders M, Schultrich S, Hans VH, et al. (2007) Normal brain development in
importin-alpha 5 deficient-mice. Nature Cell Biology 9: 1337–1338. https://doi.org/10.1038/ncb1207-
1337 PMID: 18059353
107. Gabriel G, Klingel K, Otte A, Thiele S, Hudjetz B, et al. (2011) Differential use of importin-alpha iso-
forms governs cell tropism and host adaptation of influenza virus. Nat Commun 2: 156. https://doi.org/
10.1038/ncomms1158 PMID: 21245837
108. Chen J, Wu M, Zhang X, Zhang W, Zhang Z, et al. (2013) Hepatitis B virus polymerase impairs inter-
feron-alpha-induced STA T activation through inhibition of importin-alpha5 and protein kinase C-delta.
Hepatology 57: 470–482. https://doi.org/10.1002/hep.26064 PMID: 22996189
109. Xu W, Edwards MR, Borek DM, Feagins AR, Mittal A, et al. (2014) Ebola virus VP24 targets a unique
NLS binding site on karyopherin alpha 5 to selectively compete with nuclear import of phosphorylated
STAT1. Cell Host Microbe 16: 187–200. https://doi.org/10.1016/j.chom.2014.07.008 PMID:
25121748
110. Schwarz TM, Edwards MR, Diederichs A, Alinger JB, Leung DW, et al. (2017) VP24-Karyopherin
Alpha Binding Affinities Differ between Ebolavirus Species, Influencing Interferon Inhibition and VP24
Stability. J Virol 91. pii: e01715-16. https://doi.org/10.1128/JVI.01715-16 PMID: 27974555
111. DuBridge RB, Tang P, Hsia HC, Leong PM, Miller JH, et al. (1987) Analysis of mutation in human cells
by using an Epstein-Barr virus shuttle system. Mol Cell Biol 7: 379–387. PMID: 3031469
112. Grothe C, Unsicker K (1987) Neuron-enriched cultures of adult rat dorsal root ganglia: establishment,
characterization, survival, and neuropeptide expression in response to trophic factors. J Neurosci Res
18: 539–550. https://doi.org/10.1002/jnr.490180406 PMID: 2449541
113. Hjerling-Leffler J, Alqatari M, Ernfors P, Koltzenburg M (2007) Emergence of functional sensory sub-
types as defined by transient receptor potential channel expression. J Neurosci 27: 2435–2443.
https://doi.org/10.1523/JNEUROSCI.5614-06.2007 PMID: 17344381
114. Tuffereau C, Schmidt K, Langevin C, Lafay F, Dechant G, et al. (2007) The rabies virus glycoprotein
receptor p75NTR is not essential for rabies virus infection. J Virol 81: 13622–13630. https://doi.org/
10.1128/JVI.02368-06 PMID: 17928338
115. Do¨hner K, Radtke K, Schmidt S, Sodeik B (2006) Eclipse phase of herpes simplex virus type 1 infec-
tion: Efficient dynein-mediated capsid transport without the small capsid protein VP26. J Virol 80:
8211–8224. https://doi.org/10.1128/JVI.02528-05 PMID: 16873277
116. Schambach A, Galla M, Modlich U, Will E, Chandra S, et al. (2006) Lentiviral vectors pseudotyped
with murine ecotropic envelope: increased biosafety and convenience in preclinical research. Exp
Hematol 34: 588–592. https://doi.org/10.1016/j.exphem.2006.02.005 PMID: 16647564
117. Habermann A, Krijnse-Locker J, Oberwinkler H, Eckhardt M, Homann S, et al. (2010) CD317/Tetherin
Is Enriched in the HIV-1 Envelope and Downregulated from the Plasma Membrane upon Virus Infec-
tion. Journal of Virology 84: 4646–4658. https://doi.org/10.1128/JVI.02421-09 PMID: 20147389
118. Dunn OJ (1961) Multiple Comparisons Among Means. Journal of the American Statistical Association
56: 52–64.
119. Dubin G, Frank I, Friedman HM (1990) Herpes simplex virus type 1 encodes two Fc receptors which
have different binding characteristics for monomeric immunoglobulin G (IgG) and IgG complexes. J
Virol 64: 2725–2731. PMID: 2159540
120. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, et al. (2006) CellProfiler: image analysis
software for identifying and quantifying cell phenotypes. Genome Biology 7: R100. https://doi.org/10.
1186/gb-2006-7-10-r100 PMID: 17076895
121. Everett RD, Murray J (2005) ND10 components relocate to sites associated with herpes simplex virus
type 1 nucleoprotein complexes during virus infection. J Virol 79: 5078–5089. https://doi.org/10.1128/
JVI.79.8.5078-5089.2005 PMID: 15795293
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 34 / 35
122. Rode K, Do¨hner K, Binz A, Glass M, Strive T, et al. (2011) Uncoupling uncoating of herpes simplex
virus genomes from their nuclear import and gene expression. J Virol 85: 4271–4283. https://doi.org/
10.1128/JVI.02067-10 PMID: 21345968
123. Ivanova L, Buch A, Do¨hner K, Pohlmann A, Binz A, et al. (2016) Conserved Tryptophan Motifs in the
Large Tegument Protein pUL36 Are Required for Efficient Secondary Envelopment of Herpes Simplex
Virus Capsids. J Virol 90: 5368–5383. https://doi.org/10.1128/JVI.03167-15 PMID: 27009950
HSV1 and importin alpha 1
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006823 January 5, 2018 35 / 35
